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Abstract
In the work presented here, a synthetic and structural study o f  K2NiF4-related 
oxides and oxide fluorides is reported. Several ranges o f oxides and oxide fluorides have 
been synthesised and structurally characterised by Rietveld refinement o f X-ray and 
Neutron diffraction data. Many o f these materials are novel, and show som e interesting 
structural, chemical and physical properties. These materials were all prepared via the 
standard solid state technique. Because m ost o f the oxide fluorides presented here are not 
stable at high temperatures, their synthesis involved a two stage process; production o f an 
oxide precursor, follow ed by low  temperature fluorination o f this precursor. Throughout 
this study, the polymer-based fluorinating agent, PVDF, was shown to be effective for the 
production o f a number o f novel oxide fluorides. In addition, during the course o f the 
work presented here, the new fluorinating agent, (PTFE) was discovered, and also shown 
to be effective for this purpose.
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1.1 Background
M ixed metal oxides and oxide fluorides have a wide range o f applications in industry 
and over the years they have provided significant advances in technology. This can be 
related to the diverse range o f remarkable properties they can exhibit e.g. electronic/ionic 
conduction, magnetism, dielectric properties and catalytic properties. A considerable 
amount o f research is being carried out in the field  o f solid-state chemistry leading to a 
constant production o f  new materials displaying a range o f interesting properties. The 
work reported in this thesis can be divided into three aieas:
1. Investigation o f alternative routes to the synthesis o f K2N ip 4-type copper oxide 
fluorides, o f interest in the area o f  superconducting materials.
2. Investigation o f oxygen excess K2N ip4 oxides, o f interest as potential solid oxide 
fuel cell electrode materials.
3. Synthesis and structural characterisation o f  novel mixed metal oxides and oxide 
fluorides.
In this chapter, the principles behind superconductivity and solid oxide fuel cells will first 
be discussed, follow ed by features o f the K2N ip 4 structure and prior fluorination work.
1.1.1 Superconductivity
In the field o f science, superconductors are a subject of great interest due to the 
fact that they have no electrical resistance at, or below, their critical temperature (Tc). 
This means that they can carry current without giving any energy loss. In addition to their 
consequent potential applications for power transmission, superconductors are also used 
in high field-strength magnets such as those used in nucleai- magnetic resonance (NM R) 
spectroscopy. Other potential applications include transport (e.g. M aglev trains), medical 
equipment (e.g. MRI machines), computing and measurement of magnetic fields.
The main problem hindering the widespread use of superconductors is that the 
current maximum Tc is still very low, so refrigerants such as liquid nitrogen or liquid 
helium are required to bring them down to their operating temperature. In addition, for 
the high Tc cuprate superconductors, the production o f wires has proved difficult, as these 
materials are ceramics, and inherently brittle.
Superconductivity was discovered in 1911 by Kammeiiingh Onnes when he was 
measuring the variation o f the electrical resistance o f mercury with temperature. He had 
recently succeeded in liquefying helium and was using this to study the well-known  
phenomenon that the electrical resistance o f metals decreased with decreasing 
temperature. On cooling mercury to 4.2K , Onnes discovered that the electrical resistance 
abruptly dropped to zero (Figure 1 ) \  Because o f this absence o f resistance, Onnes called 
this behaviour ‘superconductivity’. The temperature at, or below, which this transition to 
a zero resistance state occurs, is characteristic o f the material and is termed the ‘critical 
temperature’ (Tc).
Non-superconducting metal
a
I Superconducting metal
O K T(K)
Figure 1: A  schematic representaion o f  the change in resistance in a superconducting 
metal, and a non-superconducting metal, with temperature
During Onnes’ experiments, it was also found that if  a strong magnetic field was 
applied to a superconducting material whilst it was held at a temperature below its Tc, 
superconductivity would cease and the material would act as it would above its Tc. 
However, this observation was not fully rationalized until 1933, when Meissner and 
Ochsenfeld^ discovered another intrinsic property displayed by superconductors below  
their Tc. This discovery was the observation that, upon the application o f an external 
magnetic field, all magnetic flux is expelled from the interior o f the superconductor
(Figure 2), making them perfect diamagnets. This behaviour has been termed the 
Meissner Effect.
N o external 
m agnetic field
External magnetic 
field applied
c z r
Superconductor Above Tc
Figure 2: Diagram showing the M eissner Effect
External magnetic 
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After the discovery o f superconductivity in mercury, various other metals and 
alloys were tested for this property. It was found that many other metals displayed this 
effect, but none with a significantly higher Tc. However, improved results were found for 
metal alloys, and up until the mid 1980s, Nb3Ge^ showed the highest Tc value o f 23K.
In 1957, Bardeen, Cooper and Schrieffer^ proposed a theory to explain the 
phenomenon o f superconductivity. This is known as the DCS theory and is based on the 
formation of pairs o f weakly-bound electrons called Cooper pairs.^ This occurs when free 
conducting electrons interact with lattice phonons, resulting in an attraction between pairs 
of electrons that exceeds their Coulombic repulsion at very low temperatures. Due to 
their weakly bound nature, these Cooper pairs do not experience the same scattering from 
thermal lattice vibrations as normal conducting electrons do, and so are comparatively 
unrestricted, hence the lack o f  resistance.
Subsequently, it was discovered that superconductivity was not just limited to 
metals and alloys, when the oxide SrTiOa-g^ was found to be a superconductor, with a Tc 
of ~ 0.7K. Various other mixed metal oxides were then studied, with steady increases in 
Tc observed until 1987, when Bednorz and Müller won the Nobel prize for their 
discovery o f superconductivity in BaxLa^ xCu^Ogo y / with a Tc o f 35K. Following on 
from this initial report, it was later discovered by Uchida et al}'^  that the phase 
responsible for superconductivity in this material was La2-xBaxCu0 4 , which displays the
K2N ip 4 structure. Further work showed that Ba could be substituted for Ca and Sr in this 
material*® *^  giving a maximum Tc o f 36K  for the Sr-doped system.
Wu et made a further significant breakthrough in the field when
superconductivity was found in YBa2Cu3 0 7 .s with a maximum Tc o f 93K. This 
considerable increase in Tc allowed the replacement of expensive He coolant by 
relatively cheap N 2 , resulting in a major increase in worldwide interest in this research 
area. Since this discovery, a large number o f superconducting cuprates have been 
developed, with the maximum Tc for a superconductor at ambient pressure being 135K  
for HgBa2Ca2Cii3 0 y.‘^
In terms o f the theory o f superconductivity, the discovery o f high temperature 
superconductivity in cuprate superconductors raised an interesting conundmm, since the 
Tc values exceeded the maximum % predicted by BCS theory (= 30K), The high Tc 
values observed for the cuprates led to them being termed high temperature 
superconductors. Despite several other theories being proposed to rationalize the 
properties o f these cuprate system s, the mechanism behind high temperature 
superconductivity is still not fully understood although, structurally, there are a number 
of consistent features. One structural similarity shared by all cuprate superconductors is 
the presence o f CUO2 layers. Research into high temperature superconductors has 
therefore focused on materials with this characteristic. For example, follow ing on from  
the discovery o f high temperature superconductivity in the La2-xBaxCuÜ4 system, the 
structurally related oxide fluorides (Sr/Ca)2Cu02F2+8 (discussed in detail in chapter 5) 
were investigated. This led to the discovery o f high temperature superconductivity in 
S12CUO2F2+8, by Al-Mamouri et a l.}^  with a maximum Tc o f 46K. This value was raised 
to a maximum Tc o f 66K  by Slater et al}^  upon the doping o f Ba into this material, 
further demonstrating the potential o f oxide fluorides in the area o f high temperature 
superconductivity.
1.1.2 Solid Oxide Fuel Cells
Fuel cells provide an efficient, environmentally friendly means to produce 
electricity using the chemical energy released during the reaction between a fuel and an 
oxidant. In general, the fuel used is hydrogen (or a hydrocarbon) and the oxidant is
oxygen (from air). Not only do fuel cells provide an incredibly efficient method of power 
generation, but if pure hydrogen is used as the fuel, the only by-products from the process 
are water and heat. This makes fuel cells a very attractive prospect for efficient future 
electricity production, and the reduction o f CO? emissions.
The concept behind fuel cells was originally postulated by Christian Schonbein, 
and in 1839 the first working fuel cell was demonstrated by W illiam Grove. Since then, 
research into fuel cells has increased significantly. Despite fuel cells being known for 
over one hundred and sixty years, the high costs involved in the manufacture o f these 
cells has, until recently, meant that they have not been readily commercially available. 
However, due to extensive research in the field over the last twenty years, the 
manufacturing costs have significantly decreased and so fuel cells are being employed in 
commercial applications with increasing regularity.
Fuel cells are now being employed in many methods o f transport, including 
planes, trains, boats, buses, cars, scooters and bicycles. There are currently three fuel cell 
powered buses in operation in London, as part o f a trial, in which eight other cities are 
taking part. The buses being used are made by M ercedes-Benz Citaro (Figure 3) and are 
not only letting the public know about fuel cells, but also improving their public image.
' Jel, . .
Figure 3: Photograph o f a M ercedes-Benz Citaro fuel cell bus in London 19
Most car manufacturers are currently developing, or have already developed, fuel 
cell powered cars. The main reason for the limited number o f fuel cell powered vehicles
currently seen on the road is the current high materials costs and the lack o f hydrogen 
fuelling stations. These factors are gradually being overcome, however, by advances 
through research and government initiatives towards reducing CO2 emissions.
Another aspect that has been holding back the widespread use of fuel cell vehicles 
is the reluctance o f the general public to use compressed hydrogen. This has led to a 
number o f proposals for hydrogen filling stations being turned down. Although hydrogen 
is often considered by the public to be more dangerous than petrol, this is not necessarily 
the case. For example. Figure 4 shows a comparison between an ignited hydrogen leak 
and an ignited petrol leak. In the case o f  hydrogen (Figure 4, on the left), the gas is shown 
to disperse rapidly. However, in the case o f petrol (Figure 4, on the right), a puddle is 
seen to form, resulting in a larger, prolonged fire.
Figure 4: Comparison between an ignited hydrogen leak (left) and an ignited petrol leak
(right)20
In addition to applications in transport, fuel cells are also being developed for 
porTable uses, such as replacements for batteries in laptops and m obile phones. The 
military is also developing fuel cells for applications in the field, as power is often 
required in situations where stealth is required. In this respect, fuel cells can be very 
useful as they provide virtually noiseless power generation.
There are several different types o f fuel cells, the most common o f which are; 
alkaline (AFC), direct methanol (DM FC), molten carbonate (MCFC), phosphoric acid 
(PAFC), proton exchange membrane (PEMFC), protonic ceramic (PCFC), solid oxide 
(SOFC) and zinc-air (ZAFC). The type o f  fuel cell relevant to the research presented in
this thesis is the solid oxide fuel cell (SOFC), which is an all solid state system that 
utilises a ceramic oxide ion conductor, such as yttria stabilised zirconia (YSZ) as the 
electrolyte. A schematic o f an SOFC is shown in Figure 5. This Figure shows oxygen  
entering the cathode, where it is reduced and subsequently transported to the electrolyte. 
The oxide ions then migrate through the electrolyte to the anode. At the anode, the 
hydrogen fuel is oxidized and the resulting hydrogen ions combine with the oxide ions to 
produce water and heat (as this is an exothermic reaction). The electrons given up to the 
anode by the hydrogen travel around the external circuit, providing an electrical current, 
and are then directed into the cathode where they reduce more oxygen. Overall, the 
process is therefore: + 0 2 “^  2 H2O + electricity + heat.
Anode
H2O
E lectrolyte
H?
#0 o ' o 'o' o' o'o'
Cathodeit##
Figure 5: Schematic o f a solid oxide fuel cell
O?
In order to obtain sufficiently high oxide ion conduction for the electrolyte, 
SOFCs operate at high temperatures (500 -  1000°C). As a result o f this high temperature 
operation, it is essential that the materials are suitably matched, in order to operate under 
these demanding conditions. All three major components (anode, cathode and electrolyte) 
must function at these high temperatures and exhibit very similar thermal expansions, in 
order to prevent cracking upon heating and cooling. The anode and cathode must be 
porous, to allow for the diffusion o f the fuel and oxidant gases, and must operate in
oxidizing (cathode) and reducing (anode) conditions. They should also allow both 
electronic and ionic ( 0 “ ) conduction. The electrolyte, however, should be dense and 
must only allow ionic (0 “ ) conduction.
SOFCs are most com m only used for stationary applications such as large scale 
power generation (Figure 6 ) or for combined heat and power (CHP) systems, where the 
residual heat can be used to provide heat for a building.
Figure 6 : Siemens Tubular Solid Oxide Power Plant
As well as utilising the waste heat from this process, the steam produced can be 
used for fuel reformation, so fuels such as methane can be used as a source o f hydrogen. 
The reforming processes are detailed in equations 1 and 2.
C H , + H , 0 ^ C 0  + 3H2
CO  + H 2O  —> C O 2 +  H 2
Equation 1 
Equation 2
The high efficiencies o f these stationary fuel cells can result in large savings in 
energy costs, leading to great interest in system s development by companies such as 
Siemens, Rolls Royce and Ceres Power.
Currently, the favoured materials used for solid oxide fuel cells are; yttria- 
stabilised zirconia (YSZ) for the electrolyte, an N i-Y SZ cermet for the anode, and a 
lanthanum strontium manganate (LSM )-YSZ com posite as the cathode. D espite the great 
promise o f SOFCs, there is still a need to improve the materials’ characteristics. For 
example, the currently favoured cathode, LSM -YSZ, is not ideal and so  a significant 
proportion o f the cell losses occur on the cathode side o f the cell. The key problem in this 
case is the lack o f oxide conduction in LSM , and so reseaich is currently under way to 
discover alternative cathode materials which show both good electric and good oxide ion 
conduction, one example being La2N i0 4 +5 .^  ^This material has the K2N ip 4 structure, and 
the occurrence o f m ixed conduction in this material suggests that similai* materials with 
this structure may be o f  use as possible SOFC cathode materials, which w ill be discussed  
further later.
1.1.3 The K2 N1F4  Structure
The main focus o f this research project has been concerned with the synthesis and 
characterisation o f materials with the K2N ip 4 structure. Materials with this structure have 
drawn a considerable amount o f  attention recently due to their ability to exhibit a range o f  
interesting properties, e.g. superconductivity and ionic/electronic conduction, as 
mentioned above. The K2N ip 4 structure consists o f layers of perovskite-type and rock 
salt-type arrangements alternating along the z-axis (Figure 7).
The number o f perovskite layers can be varied leading to the Ruddlesden-Popper 
series,^^ which have the general formula (A B 0 3 )„A0 , where the perovskite type layers 
aie n octahedra thick. The K2N ip 4 structure can be classed as the n = 1 member o f this 
series, while the perovskite structure is essentially the n = »  member.
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K Nip3 (Perovskite structure)
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Figure 7: The K?NiF4 structure. Layers o f com er sharing NiF^ octahedra are separated by 
layers o f KF, with every potassium ion coordinated to nine fluoride ions.
1.1.4 Incorporation of Anion Excess Within the K2 NiF4  Structure
One particularly interesting feature o f  this structure is its ability to incorporate 
extra anions within the rock salt layers. These interstitial anions occupy fluorite-type 
positions and are tetrahedral 1 y coordinated by four A cations. This is shown below in 
Figure 8 .
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Interstitial
anion site
Figure 8 : Interstitial anion sites in the K?NiF4 structure
The incorporation o f these interstitial anions can lead to significant structural and 
electronic changes. Moreover, the extent to which these interstitial positions are filled can 
often be tailored via the modification o f the stoichiometry, thus controlling properties 
such as ionic conductivity and superconductivity.
Research on the K?NiF4-type series La2(N i/C o)0 4 +§“^ ’^ '^ ‘“^  has shown that such 
materials containing extra oxygen in these interstitial sites can exhibit high oxide ion 
conduction. In these systems, however, the amount o f  oxygen excess is relatively low, 
which causes difficulties in accurately modelling the features o f these interstitial ions, 
especially since the presence o f such oxide ions is likely to cause localised structural 
distortions, which cannot be easily investigated by diffraction methods.
Higher anion-excesses can be found in K2NiF4 oxide fluoride systems, which will 
now be discussed.
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1.1.5 K2 NîF4 -Type Oxide fluorides (A2 CUO2 F2 +5 , A = Ca, Sr)
In recent years, the incorporation o f  fluorine into certain inorganic oxides has 
been investigated to produce system s with m odified properties, e.g. superconductivity 
and magnetism. The K2N ip4 structure has attracted particular interest in this respect due 
to its aforementioned potential for the incorporation o f excess anions, in this case F .  
M uch higher anion excess can be achieved in these cases, potentially allowing more 
accurate identification o f  the interstitial positions and accompanying structural 
distortions; for example, staged fluorine insertion in LaSrMn0 4 p^ ® and Si^TiOsF?,^^ and 
hydration upon fluorination o f  Ba2Zr0 4 , to g ive o f  Ba2Zr0 3 p 2 0 .5 H2O.^  ^ In this project, 
w e have therefore been investigating the synthesis o f a range o f  new fluorine excess 
K2N ip 4-type oxide fluorides to learn more about the structural features o f these 
interesting materials. The synthesis o f  these oxide fluorides is often not as 
straightforward as the synthesis o f  the corresponding oxides. Consequently, despite the 
many potential possibilities o f  new oxide fluorides, there aie relatively few  known. 
Several K2NiF4/Ruddlesden-Popper type materials such as Ba2ln 0 3 F, Ba2Sc0 3 F^ '^^  ^ have 
been prepaied via high temperature synthesis routes, but the synthesis o f further phases 
has proved difficult^®’^ ’^^ ® due to the high thermal stability o f  the starting alkaline earth 
fluoride reagents with respect to the intended products. As a result o f this, most oxide 
fluorides are made at low temperatures (< 400°C ) by fluorinating a precursor oxide with 
a suitable fluorinating agent.
There are many fluorine containing materials that aie known to work effectively  
as fluorinating agents for such synthesis. ^ ' ^ '^ -^^ '^37.39 48 include p 2(g), MF2 (M =  
transition metal), XeF2, NH4F and poly (vinylidene fluoride). Many o f  the advances in 
the development o f such methods for the fluorination o f inorganic oxides have originated 
from studies o f the oxide fluorides A 2CUO2F2+S (A  = Ca, Sr, Ba), driven by research into 
superconductivity.
Early reseaich on superconducting copper oxides focused on the modification o f  
the cation sublattice, e.g. La2-xBaxCu0 4 +s.  ^ Subsequently, attention staited to focus more 
on the modification o f the anion sublattice in attempts to induce superconductivity. This 
is reflected by groundbreaking reseaich into the fluorination o f copper oxides such as 
A 2C 11O3 (A  = alkaline earth metal) to g ive the A 2C11O2F2+8 systems. Initial studies by
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Al-Mamouri et  revealed superconductivity in Sr2Cu02F2+5 (Figure 5) with a 
maximum Tc o f  46K. This material conforms to the K2N1F4 structure, as for 
superconducting La2-xBaxCu0 4  ^ and contains 2-dimensional C11O2 planes separated by 
SrFi+s blocks, with the interstitial fluorine (§) in fluorite-type positions within these 
blocks. This structure has been com m only refeiTed to as the T-structure by researchers in 
the field o f superconductivity and this terminology will also be em ployed here. It has 
been suggested that the p-type superconductivity observed in this material is caused by 
the presence o f the interstitial fluorine resulting in an increased average Cu oxidation  
state o f -2 .3  for Ô =  0.3.
After the discovery o f superconductivity in Si2Cu02F2+5,*^ investigations were 
carried out to determine whether Ca2Cu0 2 F2+s^  ^ could be prepared and whether it too  
undergoes a superconducting transition. Although this phase was successfully prepared 
by the low  temperature fluorination o f  Ca2Cu0 3 , no superconductivity was observed, and 
the structural data obtained from these investigations suggest that Ca2Cu02F2+5 (Figure 9) 
is structurally related to N d2Cu0 4  (Figure 11), commonly referred to as the T'-structure, 
rather than the La2Cu0 4  (T) structure (Figure 12) observed for the strontium analogue, 
S12CUO2F2+5 (Figure 10). This observation was explained by the decrease in size o f  the 
alkaline earth cation on replacing Sr by Ca, affecting the lattice mismatch between the 
alkaline eaith fluoride and cuprate layers. Madelung energy calculations suggested that 
the oxygen atoms were located in the C 11O2 planes, with the fluorine occupying the sites 
between the Ca bilayers (0, 0 .5 , 0.25). A  small amount o f interstitial fluorine was 
reported to occupy the apical positions nonually occupied in the T-structure.
The fluorine atoms are believed to preferentially occupy different locations in the 
structures (as indicated by the dark and light blue spheres in Figures 9 and 10); between  
the Ca bilayers in Ca2Cu02F2+s^^’'^ ’^^ ° and in the apical site o f the C11O4F2 octahedra in 
S12CUO2F2+S. These predictions o f  the F positions are supported by computer simulation 
studies cairied out on the end members (x =  0, 2) o f the Ca2-xSrxCu0 2 F2+8 system.^
14
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Figure 9; Structure o f Ca2Cu0 2 F2+g Figure 10: Structure o f Sr2Cu0 2 F2+g
Figure 11 : Nd2Cu0 4  structure (T'-structure) Figure 12: La2Cu0 4  structure (T-structure)
In an attempt to gain further understanding o f  the reason for the difference 
between the structures displayed by Sr2Cu0 2 F2+s and Ca2Cu0 2 F2+s, additional work was 
performed on this range o f  materials by Francesconi et  Ionic size tolerance factors 
(Ca^YSr^^) were estimated and, from this, the crossover between T and T'-structure types 
was predicted to be near the composition Sro.gCai 5CUO2F2+5 (n.b. the tolerance factors
15
were estimated using the ideal Sr2-xCaxCu0 2 F2 composition, i.e. 6  =  0). It was suggested  
that the structures are linked to anion/cation radius ratios. Additionally, the effectiveness 
o f the various fluorination routes and conditions that can be applied to form the different 
phases were compared with a mechanism for the fluorination being put forward (Figure 
13).
Figure 13: Representation o f  the fluorination mechanism and associated structural 
rearrangement proposed by Francesconi et al.^  ^ for the fluorination o f Sr2Cu0 3  to give  
Sr2Cu02F2+s
Further work by Francesconi et has examined a similar system o f oxide
fluorides, Ba2-xSrxPd0 2 F2 (0 <  x <  1.5), produced by the fluorination o f Ba2-xSrxPd0 3 . 
Tolerance factors calculated for the Ba/Sr ratio predicted the T-structure for the whole 
composition (0 <  x <  1.5). Despite this prediction, the whole range o f compounds was 
found to display the T'-structure, with no interstitial fluorine present (Ô = 0). This was 
explained by the square planar coordination o f Pd in the Nd2Cu0 4  structure conferring 
more crystal field stabilisation energy.
In other work, Kissick et were able to synthesise indirectly a sample o f  
stoichiometric Sr2Cu0 2 p 2 that conformed to the T'-structure. This was achieved by
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reducing samples o f S12CUO2F2+5 in a thermogravimetric analyser at 400®C in a 10% !
H2/90% N 2 atmosphere, resulting in Sr2Cu0 2 F2 , which displayed the T'-structure. This
resulted in an increase in the a and b axes, and a contraction in the c axis. The expansion
along a and b was attributed to the increased F -F  repulsions (F atoms m oving from rock
salt positions to fluorite positions) and the reduced Cu^ '*' giving longer C u-O  bond |
lengths in the C11O2 planes. This observation o f  the T'-structure in the Si*2Cu0 2 F2 system  |
raises a number o f  questions about the relative stability o f the T and T'-structures in these
oxide fluoride systems, and this has been investigated in the work presented in this thesis
(see project objectives). |
1.1.6 Fluorination Methods I
A  range o f  materials have been em ployed as low temperature fluorinating agents !
for m ixed metal oxides. These include F2 gas, NH 4F, XeF2, MF2 (M = Cu, Zn) and poly  
(vinylidene fluoride) (PVDF) [-CH2CF2 -],i. The features o f these fluorinating agents are 
given in Table 1.
Apart from the Ca2-xSrxCu0 3  system mentioned earlier, a vai'iety o f  other K2N iF4 
related inorganic oxides have been fluorinated by these low temperature methods, another 
cuprate example being Ln2-xAi+xCii206-y (Ln = La, Nd; A  =  Ca, Sr).'^ '^  A  variety o f  
different fluorinating agents were em ployed for this system and it was found that the 
characteristics o f  each fluorinating agent had a major influence on the com position o f the 
product. In the case o f  p 2(g), fluorination mainly occurred by F-insertion, NH 4F mainly 
resulted in the substitution o f  fluorine for oxygen, while for C11F2 a mixture o f  these 
processes was observed.
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Table 1 : A  list o f fluorinating agents showing their individual characteristics and 
disadvantages (adapted from reference 59)
F luorinating
agent
C haracteristics Problem s
F.ga:'"-'""-
37,40,47
Highly oxidising; helps favour fluorine 
insertion giving very high oxidation 
states
Toxicity, handling problems o f  
F2 gas; difficult to control 
fluorination level
NH4F
18,32,40,43,44
Substitution (two fluorines for one 
oxygen), so oxidation state maintained; 
can potentially g ive reduced oxidation 
state (e.g. Nd2Cu0 4 _xFx)
Tendancy to give AF2 , LnOF (A: 
alkaline earth, Ln: rare earth) 
impurities
XeP2
41,45,46
Can give both fluorine substitution and 
insertion
N eed to em ploy in sealed tubes 
and will tend to give similar 
impurities as for NH 4F
C 11F2 , Znp2
31,39,42,44
Can give both flnorine substitution and 
insertion
N egligible AF2, LnOF impurities 
foi*med, but CuO and ZnO from 
the fluorinating agent left in the 
sample
PVDF^^ Substitution (two fluorines for one 
oxygen) so oxidation state maintained
N egligible AF2 , LnOF impurities 
formed
In terms o f  non-cuprate oxide fluorides, a variety o f K2N ip 4-type materials have 
been examined, one o f which (Ba2Zr04) was successfully fluorinated using NH4F and 
MF2 (M =  Cu, Zn) by Slater and Gover.^^ In this case, it was found that fluorination using 
NH4F resulted in the additional incorporation o f water into the structure, giving a 
composition o f Ba2Zr0 3 p 2 O.5 H2O.
The Ruddlesden-Popper phases LaSrMn0 4 p^° and Lai.281*1.gMn2 0 7 F^°’^  ^ were 
successfully prepared from their paient materials using F2 . In these cases, F  was found to 
insert into alternate (L a,Sr)0 rock salt blocks indicating a staged fluorination process. A  
similar staging o f  the fluorination process has been observed in the fluorination o f  
Si*2T i0 4 ^^  to give Sr2Ti0 3 p 2 .
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Partial 0 /F  ordering has also been  show n to ex ist in Ba^ScOsF^^ and 
KgNbOgF,^^'^^ w hereas the similai* ox id e fluorides Ba2Ïn03F^° and Si2Fe03F^*’^  ^ show  
full O /F  ordering, resulting in alternate layers o f  O and F  w ithin the rock salt-type layers.
1.1.7 Water Incorporation in K2 NiF4 -type Materials
A s outlined  above, it has been  show n that the fluorination o f  Ba2Zr04 (esp ecia lly  
w hen N H 4F is used as a fluorinating agent) can result in w ater incorporation,^^ and this 
can b e correlated w ith the production o f  water in the fluorination process (i.e . Ba2Zr04 +  
2N H 4F “> Ba2Zr03F2 + H2O + 2NH 3). In addition, it has been  sh ow n  that Ba2Zr04 itse lf  
w ill also  absorb water over tim e w hen exp osed  to a m oist atmosphere.®^ B oth  o f  these  
results provide further dem onstration o f  the ability o f  m aterials w ith the K2Nip4 structure 
to  incoiporate extra sp ecies w ithin  the rock salt layers. T h e incorporation o f  water 
betw een  the layers raises som e interesting prospects. In particular, it opens up the 
p ossib ility  o f  proton conduction  in such phases, m aking them  potential candidates for use  
in applications such as protonic ceram ic fuel ce lls  (PCFC). C onsequently, sam ples 
prepared in this thesis w ere exam ined  for w ater incorporation.
1.2 Project Objectives
T he research presented here has consisted  o f  a range o f  studies, m ostly  
concentrating on ox id es and ox id e fluoride m aterials with a K2NiF4-related structure.
The system s examined are detailed as follow s.
1.2.1 K2 NiF4 -type Systems
1.2 .1 .1  L a 2-xSrxCo0 4 +s
T h e conduction properties o f  K2NiF4-type m aterials o f  form ula La2-xSi*xM04+5 
(M  =  Fe, N i, Co)^“’®'^ '®^ have been investigated  in detail, sh ow in g  prom ising  
chaiacteristics such  as electronic and ox id e ion  conduction. F o llo w in g  this research, it 
w as decided  to attempt the synthesis and structural characterisation o f  a sim ilar range o f  
m aterials, La2-xSixCo04+5 (0  <  x <  1), in the hope that this range w ould  display both high  
electronic and ion ic conduction , m aking them  potential candidates for cathode m aterials
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in solid oxide fuel cells. This system was targeted for two key reasons. Firstly, the 
variation o f the La/Sr ratio in La2-xSrxCo0 4 +s should allow subtle control o f  the oxygen  
content. In pai'ticular, at low  values o f  x in La2-xSrxCo0 4 + 5  (0 <  x <  1), it should be 
possible to incorporate high levels o f  oxygen, increasing the likelihood o f oxide-ion  
conduction in these materials. Secondly, the related, perovskite-type materials, 
Lai-xSi'xCoOa, display high electronic and oxide ion conductivity, and have attracted 
considerable attention as potential SOFC cathode materials.^®
The La2-xSrxCo0 4 + 5  (0 <  x <  1) range was successfully synthesised and 
structurally characterised. The investigation has focused on the structural changes that 
occur with the incorporation o f  interstitial oxygen across the series.
1.2.1.2 Synthesis, Fluorination and Hydration of A2 M“V sM '\s 0 4  
(A = Sr, Ba; = In; M ’'' = Sb, Bi)
Relatively few  K2NiF4-type materials are known with 3+ and 5+ ions shaiing the 
M-site.*^^’^ ® It was therefore decided to prepare som e novel materials in an attempt to 
achieve this. Compositions A 2M'“o.5M ' \ 5 0 4  (A=Sr, Ba; M"W n; M'^=Sb, Bi) were 
therefore synthesised with this aim in mind. The phases were successfully synthesised 
and structurally characterised using neutron diffraction.
As previously mentioned, Ba2Zr0 4  has the ability to incorporate water,^^ and so  
water incorporation into these related K2N iF 4-type materials warranted investigation. 
During the study o f  the A 2M ” o.sM'^o.sOd series, it was found that som e o f  the materials 
were also water-sensitive. The hydration characteristics of these materials have therefore 
been investigated using the techniques o f  infra-red spectroscopy and thermogravimetric 
analysis.
Attempts were also made to fluorinate these mixed M site oxides using low  
temperature fluorination routes, and experiments were performed to ascertain whether 
this fluorination produced a similar water uptake to that observed in Ba2Zr0 4 .^ ^
1.2.1.3 Synthesis and Structure of Cai xSixCuOzFi
The synthesis and characterisation o f  the oxygen deficient phases A 2CUO3 
(A =  Ca, Sr), with structures related to the K2N 1F4 structure, have been performed.
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Fluorination o f these phases was then investigated with polymer-based fluorinating 
agents (PVDF, PTFE) to give Ca2-xSrxCu0 2 F2 .
A s mentioned above, Ca2Cu0 2 F2 is known to be non-superconducting and 
displays the T'-structure, whereas the similai' material, Sr2Cu0 2 F2+5, is superconducting 
at 46K^ *^  and displays the T-structure. Investigations were therefore carried out on these 
two materials and the solid solution series Ca2-xSrxCu0 2 F2+ô ( 0  <  x <  2 ), in order to 
examine the crossover in both structure type and properties. The materials have been 
structurally chaiacterised by the refinement o f  X-ray and neutron diffraction data. This 
range o f materials has also been studied using computer modelling techniques. This 
involved the investigation o f the relative stabilities (on energetic grounds) o f the T- and 
T'-structures across this range.
1.2.1.3.1 Synthesis and Structure of La2(Cu/Ni)0 4 .xFy
Upon fluorination, La2Cu0 4  has been shown to undergo an average expansion  
along the a and b axes, and a contraction along the c axis."^  ^ This change in cell 
parameters is contraiy to the results o f  the fluorination o f  other K2NiF4-ty p e  systems 
such as LaSrMn0 4 °^’^  ^ and Sr2T i0 4 ^ \ which have been shown to result in the opposite 
change in cell parameters, i.e. expansion along c and contraction along a and b. In an 
attempt to explain this inconsistency, the two parent-oxides, La2Cu0 4  and La2N i0 4 , were 
prepared and subsequently fluorinated, to varying extents, using low  temperature 
fluorination routes. D ifficulties were encountered in preparing single-phase oxide  
fluorides, although som e interesting results were obtained and initial results are reported 
here.
1.2.2 Other Mixed Metal Oxide fluorides
1.2.2.1 Synthesis and Structure of Sr3 .xBax(Fe/Co)0 4 +xFi.x
It was outlined earlier that the high stability o f alkaline earth fluorides can make 
the synthesis o f oxide fluorides problematic, such that many oxide fluorides require a 
two-stage synthesis; prepaiation o f  an oxide precursor, followed by low  temperature 
fluorination. Despite these problems associated with the preparation o f oxide fluorides at 
high temperatures, a number o f materials have been produced in this way, for exam ple
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the K2N ip4 -type phases BaiMOgF (M  = In, Sc) and S i2Fe0 3 F.^ '^^  ^Materials such as these 
may be o f use for high-temperature technological applications. For example, it may be 
possible to dope these systems in an attempt to introduce extra oxygen, with the possible 
result o f oxide ion conduction, e.g. Ba2_xLaxM0 3 +x/2F (M = In, Sc) and S i2.xLaxFe0 3 +x/2F. 
Such oxygen-excess materials have potential uses in solid oxide fuel cells and oxygen  
separation membranes.
In addition to the K2NiF4-type systems mentioned above, there are other similar 
ranges o f  oxide fluorides known, such as (Sr/Ba)3M 0 4 F where (M = A l, Ga)/^'^^ that can 
be prepared directly rather than by fluorinating a precursor oxide. Attempts have 
therefore been made to prepare a new range o f  materials, replacing (Al/Ga) by transition 
metals (Fe/Co), to give phases o f  general formula Sr3_xBax(Fe/Co)0 4 F. Materials such as 
these may display high ionic/electronic conductivity and/or interesting magnetic 
properties.
1.2.2.2 SrixBaxFeOiF
M ost o f the work on low  temperature fluorination studies has focused on K 2NiF4- 
type systems. Nevertheless, it should be possible to utilise these routes for the 
fluorination o f  materials with other structure types, e.g. perovskite.
In this project, the fluorination o f  Sri_xBaxFe0 3 ,s has been investigated in 
collaboration with the Open University and the University o f Birmingham.
B y varying the F content in these materials, it should be possible to tailor the 
oxidation state o f  iron, to produce materials with interesting structural and magnetic 
properties. The Sri.xBaxFe0 3 - 5  (0 <  x <  1) range was therefore prepared and subsequently 
fluorinated using the polymer-based fluorinating agent PVDF, in an attempt to produce 
Sr1.xBaxFeO2.yFy (0 <  X <  1 ). These materials were structurally characterised using 
neutron diffraction over a range o f temperatures. The iron oxidation states in these phases 
were investigated using Mossbauer spectroscopy.
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In this project, a range o f  K2N ip4 systems and related phases were examined, the 
rationale behind the choice o f each system  is given below.
K2N 1F4 systems containing extra oxygen in the interstitial sites, such as La2N i0 4 +g 
have started to attract attention as potential SOFC cathode materials. A  related system is 
the La2-xSixCo0 4 +5 , and therefore it was decided to study the structural properties o f the 
La2-xSrxCo0 4 + 5  range, with the intent o f  examining how the structure, and interstitial 
oxygen content, vaiied with Sr content.
Contrary to the wide range o f  m ixed B site perovskite systems known, there is a 
limited number o f mixed B site K2N ip 4 system s. Therefore the synthesis o f  novel mixed 
B site K2N iF4 materials was investigated. This led to the identification o f the novel 
A 2M"o.5M ' \ . 5 0 4  (A  = Sr, Ba; = In; =  Sb, B i) phases, and these were then to be 
characterised structurally.
In terms o f  K2N 1F4 type oxide fluorides, the Ca2-xSrxCu0 2 F2+5 range have 
previously been studied, with that research focussing on their superconducting properties. 
In contrast, relatively little is known about why there is a crossover in structure type in 
this range, from the T-structure for x =  2, to the T'-structure for x = 0. W e were therefore 
to undertake a joint synthetic and m odelling study on this system, with the aim o f  
revealing at what value o f  x this crossover in structure type takes place, and what factors 
influence this crossover.
The oxide fluorides La2M 0 4 -xFy (M = Cu, N i) were to be investigated in an 
attempt to understand why, on fluorination, La2Cu0 4  and La2N iÛ 4 show an expansion  
along a,b and contraction along c, w hile the majority o f K2NiF 4 system s show the 
opposite changes, i.e. expansion along c, contraction along a,b.
The S i3.xBaxM0 4 F range o f materials was discovered during the attempt to 
prépaie a K2NiF4 related oxide fluoride material, with an extra rock salt layer, in the hope 
o f enhancing the ability to incoiporate interstitial anions. Single phase samples were 
achieved, although these system s were discovered to have a different structure type. It 
was decided to investigate these systems, from a synthetic and structural point o f view , 
and study the effects o f  doping different sized cations on both the A  and M  sites.
Despite the relatively lai'ge number o f K 2N 1F4 and Ruddlesden Popper type oxide  
fluorides that have been produced via low  temperature fluorination methods, such
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applications o f low  temperature fluorination to perovskite systems have been rather 
limited. In order to show the versatility o f  the polym er based fluorination method, the low  
temperature fluorination o f the Sri-xBaxFeOa-s range was to be attempted, with 
investigations focussing on whether this type o f  fluorination could be used to control the 
iron oxidation state in these materials.
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2.1 Synthesis Routes
There are a variety of techniques known for the synthesis of solid-state 
materials including the standard solid-state ( ‘shake and bake’) method, sol-gel 
synthesis, co-precipitation, hydrothermal synthesis, microwave synthesis, chemical 
vapour deposition and spray pyrolysis. These are just some of the many known 
synthesis techniques, each of which has various advantages and disadvantages 
depending on the proposed product. In this project, standard solid-state ( ‘shake and 
bake’) synthesis routes and low temperature synthesis routes were used. These are 
described briefly below.
2.1.1 ‘Shake and Bake’
The most widely used method of synthesis is known as the ‘shake and bake’ 
technique. This involves the intimate grinding of dried powdered reagents in the 
correct ratio. This homogenous mixture is then placed in a cmcible and heated at high 
temperature in a furnace. The temperature, length of time, and atmosphere used 
depends on the material being synthesised (typical conditions involve temperatures 
above 800°C for 12 or more hours). The synthesis temperatures need to be high 
enough to give the reagent elements enough energy to break their bonds, migrate to a 
reaction interface, and form new bonds. In order to maintain fresh reaction interfaces, 
the mixture is commonly reground and reheated, repeatedly, until a single phase 
material is obtained.
The widespread use of this method can be related to the fact that it is easy to 
use, and works effectively in the majority of cases.
2.1.2 Low Temperature Synthesis Routes
Despite the simplicity and ease of use of the conventional high temperature 
‘shake and bake’ method, there are cases where the synthesis of materials by this 
route is not possible. For example, some materials cannot be synthesised in this way 
due to the relative stabilities of the starting materials with respect to the intended 
product. This is the case for many lanthanide and/or alkaline earth element-containing 
oxide fluorides, due to the high stability of the simple alkaline earth fluorides (AF2) 
and lanthanide oxide fluorides (LnOF). This obstacle can sometimes be circumvented, 
however, by the production of a relevant precursor oxide at high temperature,
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followed by the low temperature fluorination of this precursor oxide using a 
fluorinating agent (a substance that acts as a source of fluorine). In this way, a 
metastable product is obtained; one example is the formation of S i2Cu0 2 F2+s^  by the 
low temperature fluorination of Sr2Cu0 3  (discussed later),
Fluorination of oxides with the K2NiF4 structure can give rise to significant 
structural changes in these systems. An example of this is given in Figure 1, which 
shows the X-ray diffraction patterns of Ba2Ino.5Sbo.5O4 and one of its fluorinated 
phases (the technique of X-ray diffraction, as a means of structural analysis, will be 
explained in detail below). In this case, fluorination results in a significant increase in 
unit cell volume (22%), which can be inferred by the considerable shift in peak 
positions of the fluorinated phase (relative to the parent material, Ba2Ino.5Sbo.5O4) 
(Figure 1).
This demonstrates the significant structural changes that can be brought about 
in mixed-metal oxides such as these, upon fluorination.
700 - 
600 - 
500 - Fluorinated Ba2lno,5Sbo,50.
200 -  
100 -
20 (degrees)
Figure I: X-ray diffraction patterns of Ba2Ino.5Sbo.5O4 before and after fluorination
The fluorination techniques employed in this project involved the use of 
NH4F, PVDF (poly (vinylidene fluoride)) and PTFE (poly (terafluoroethene)). In each 
of these cases, the oxide precursor was ground with the fluorinating agent, using a 
pestle and mortar, and the resulting mixture was heated in a furnace with fume- 
extraction facilities. This is an important precaution to take when heating fluorine-
31
containing materials such as Üiese, as hazardous by-products, such as HF, may be 
given off during their decomposition.
2.2 Structural Characterisation
Diffraction (both X-ray and neutron) methods were employed in this project, 
to determine phase purity and crystal structures. Before discussing these techniques, 
some discussion of crystal symmetry is necessary.
2.2.1 Crystal Symmetry
Crystalline materials consist o f a regular three dimensional array o f atoms. 
This array can be represented by a repeating component called the ‘unit cell’. This is 
defined as the smallest repeating unit that shows the full symmetry of the crystal 
structure. The dimensions (lengths and angles) o f the unit cell are collectively known 
as the cell parameters and are assigned as shown in Figure 2.
Figure 2: Assignment o f unit cell dimensions
where a, b and c represent the lengths of the three axes, a  is the angle between the b 
and c axes, p the angle between the a and c axes and y  the angle between the a and b 
axes.
There are seven possible shapes of unit cell ( ‘crystal classes’). These follow  
the rules set out in Table 1 :
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Table 1: The seven crystal classes
Crystal Class Cell Parameters
Cubic a = b = c (x = [3 = y = 90°
Tetragonal a = b?^c a  = p = y =  90°
Orthorhombic ai^ b î^c a  = P = 7 = 90°
Monoclinic a # b # c a  = Y = 90° P # 90°
Triclinic a?^b?^c a  p Y 90°
Hexagonal a = b # c a  = P = 90° Y= 120°
Trigonal / Rhombohedral a = b = c a  = p = Y# 90°
Within the unit cell, atoms have their relative positions in space defined in 
terms of ‘fractional coordinates’. These are represented by x, y and z, and defined 
using values between 0 and 1, giving atom positions at x x a, y x  b and z x c. For 
example, an atom with fractional coordinates of (0.25, 0.75, 0.5) will lie a quarter of 
the way along the a axis, three quarters of the way along the b axis and halfway along 
the c axis (with respect to the origin).
In addition to the seven possible shapes of unit cell ( ‘crystal classes’), it is 
common to refer to crystal lattices, which are derived by replacing each repeat group 
of atoms with a point. There are four types of ciystal lattices that can be adopted by 
crystals, each containing lattice points located at the corners of the unit cell (each 
point being shared between eight unit cells and so contributing one eighth of a lattice 
point). These four lattice types give the positions of equivalent lattice points and 
therefore show the translational symmetry of materials. The simplest o f the four 
lattice types is known as ‘primitive’ (P) and contains just one lattice point, ‘body 
centred’ lattices (I) contain two lattice points, one of which is located at the corners of 
the unit cell, the other located at (0.5, 0.5, 0.5). ‘Face centred’ lattices (F) contain four 
lattice points, one of which is located at the comers of the unit cell, with additional 
lattice points at the centre of each of the six faces, each of these being shared between 
two unit cells. ‘C centred’ lattices (C) are similar to face centred lattices but contain 
only two lattice points as only two of the six faces contain lattice points (the two faces 
are always opposite each other, not adjacent).
The four lattice types described above can be combined with the seven crystal 
classes to generate the fourteen ‘Bravais lattices’. The allowed combinations are 
shown in Table 2.
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Table 2: The allowed combinations of the four lattice types with the seven crystal 
systems
Crystal Class Bravais Lattices Allowed
Cubic P, I, F
Tetragonal P ,I
Orthorhombic P ,I ,F ,C
Monoclinic P .C
Triclinic P
Hexagonal P
Trigonal /  Rhombohedral P (orR )'
( Primitive rhombohedral lattices are usually given the symbol ‘R ’)
Rather than describing the positions of every single atom in a unit cell, a 
smaller number of atoms, contained in what is known as an ‘asymmetric unit’, can be 
used. These atoms are repeated by symmetry, the rules of which are described by the 
‘Point group’. There are thirty two point groups used to describe unit cell symmetry. 
These can be combined with the fourteen Bravais Lattices in certain ways to give 230 
‘space groups’. These ‘space groups’ are described by sets of symbols, and describe 
the full symmetry of the crystal.
2.2.2 X-Ray powder diffraction
X-ray powder diffraction (XRD) is the most widely used analytical technique 
for the structural determination of polycrystalline materials. This technique relies on 
the fact that the interatomic distances in solids (~ 1Â) are comparable to the 
wavelengths of X-rays produced by the bombardment of metals with high energy 
electrons. Thus use of such X-rays will result in diffraction by the atoms within the 
crystal structure.
The production of X-rays (Figure 3) can be explained as follows: when a 
metal such as copper is bombaided with a beam of high energy electrons, a 
continuous background of white radiation known as ‘Bremsstrahlung’ is produced. 
This occurs as the electrons are slowed down or stopped by collisions, causing some 
of the energy to be converted into electromagnetic radiation.
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Figure 3: Simplistic representation o f the generation o f Ka X-rays from a Cu target 
(adapted from reference 2 )
In addition, some electrons have sufficient energy that they are able to knock 
an inner electron out o f its orbital, creating an electron vacancy in that orbital. An 
electron from an orbital o f higher energy will then fill this vacancy, resulting in the 
production of X-ray radiation of a particular wavelength. The wavelength of these X- 
rays depends on the particular electron transitions occurring. For example, a vacancy 
in the is  orbital (K-shell) can be filled by an electron from the 2p or 3p subshells 
(Figure 3). These transitions are teraied Ka and Kp respectively (Figure 3). In X-ray 
powder diffraction, the most commonly used X-rays are Cu Ka • In order to remove 
interference caused by the Kp radiation and Bremsstrahlung, a crystal monochromator 
can be used. An alternative way to eliminate unwanted wavelengths and 
Bremsstrahlung is to use a filter. This consists o f a metal foil of slightly lower atomic 
number than that of the target metal (e.g. N i in the case o f Cu X-rays).
An inspection of Figure 4 shows that the Cu Ka (and indeed Kp) peak is 
actually a doublet (the wavelengths o f which are designated K«i (1.5406Â) and Kaz 
(1.5444Â)). This is a result of the two possible spin states of the 2p electron.
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Figure 4: X-ray spectrum from the bombardment o f copper by high energy electrons
Once generated, these X-rays can be used for the structural analysis o f 
crystalline materials. The emitted X-rays are diffracted from atoms in the crystal via 
‘Thompson Scattering’ from the charge field of the electrons of the atoms. This is an 
elastic interaction whereby an X-ray causes an electron to vibrate and subsequently 
emit another X-ray of the same wavelength.
The theories behind using X-ray diffraction for structural characterisation date 
back to the early twentieth century. In 1913, von Laue^ proposed that crystals could 
be used as a three dimensional diffraction grating for electromagnetic radiation of a 
wavelength comparable to that of the crystal’s interatomic spacing. Using diis theory, 
he proposed the following equation:
a sin0  = n l ( 1)
Where a = atomic separation, 9 = diffraction angle, n = order of reflection and 
nonnally equal to 1 , and X ~ wavelength o f radiation used
To allow for tlie 3-dimensionality o f crystals, three of these Laue equations 
must be satisfied for constructive diffraction to occur; ai sinBi = nA,, a% sin02 = nA and 
as siii03 = nA. This method, though mathematically correct, proved difficult to use 
experimentally. A year later, Bragg'  ^proposed an alternative, more facile description 
when he suggested tliat crystals could be viewed in terms of layers of atoms, or lattice 
planes, from which the electromagnetic radiation could be diffracted.
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The lattice planes are defined using Miller Indices, named after W. H. Miller 
who first proposed their use. This approach uses a set of integers represented by h, k, 
and 1. These are given by the reciprocal values of the points of intersection of the 
lattice plane along the a, b and c axes of the unit cell (Figure 5).
V2 C
Figure 5: The (222) planes in a cubic unit cell
Figure 5 shows the (222) lattice planes passing through a cubic unit cell. The 
points where these planes intersect the a, b and c axes are marked by black dots. The 
Miller Indices for a set of lattice planes are defined using the plane closest to the unit 
cell origin. In this case, the plane intersects the a, b and c axes at &6 a, Yzh and V2C, 
giving reciprocals of these fractions of 2, 2 and 2. The perpendicular distance between 
these planes is the d222-spacing.
It is important to note that lattice planes are defined purely by reference to the 
unit cell itself. Sometimes a given set of lattice planes will coincide with a layer of 
atoms, but usually this is not the case. For each set of lattice planes, constructive 
diffraction from the atoms in the cell will occur provided Bragg’s Law is satisfied 
(equation 2 ).
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nA, = 2d/,A-/sin0 (2)
Where n is the order of the reflection: normally set to 1 
A is the wavelength of radiation used 
dhki is the interplanar spacing
To put this simply, for constructive interference to occur, the interplanai' 
spacing must be such that the diffracted X-rays travel an integer number of 
wavelengths further than those diffracted from adjacent planes (Figure 6 ).
From the relationship described by Bragg’s law, the inteiplanar spacing in 
crystal lattices can be determined from the diffraction pattern. This is usually 
collected by holding X constant and varying 6 ; a graph of intensity of diffracted X- 
rays can then be plotted against 20, The constructively diffracted X-rays appear as 
intense peaks against a background of destructive interference.
Incident Radiation Diffracted
Radiation
Lattice
Planesd-spacinj
Figure 6 : Diffraction from lattice planes at the Bragg angle
In powder diffraction, the crystallites should be randomly orientated so that 
the lattice planes in the crystallites are aligned indiscriminately. In order to bring the 
lattice planes into orientation with the Bragg angle, the X-ray generator, the detector
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and the sample holder move (relative to each other) around a ‘measuring circle’ 
during analysis (Figure 7).
Focusing Circle
Measuring Circle
X-Ray Sourcei Detector
Sample
Figure 7: Schematic showing the geometry of an X-ray powder diffractometer. During
analysis, in the example shown here, the sample is fixed in position, while the X-ray 
source and detector are each rotated about the measuring circle by 9.
Figure 13 shows how this geometry relates to the particular X-ray 
diffractometer used to collect the X-ray diffraction data presented in this thesis.
For crystalline solids with an orthogonal unit cell (a  = P = 7  = 90°), the 
relationship between the unit cell lengths, the interplanar spacing and the Miller 
indices are defined as follows;
1 F (3)
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In addition to Bragg’s Law, there are other rules imposed by the symmetry of 
the crystal that need to be satisfied for constructive diffraction to occur. A crystal with 
a primitive unit cell will generally show diffraction from all lattice planes. However, 
in diffraction patterns produced by non-primitive lattices (i.e. body centred, face 
centred or C-centred), certain peaks, that would normally be seen in a corresponding 
primitive lattice, will not be shown. In powder diffraction, this feature is known as 
‘systematic absences’ and is due to the extra lattice points in these more symmetrical 
systems. Diffraction from lattice planes containing these extra lattice points produces 
destructive interference with X-rays diffracted from parallel planes not containing 
these points. For example (Figure 8 ), in body centred cubic lattices, the (100) 
reflection appears to be missing from diffraction patterns. This is because the body 
centred lattice point lies parallel to, and exactly halfway between, the ( 1 0 0 ) lattice 
planes. As a result o f this, for diffraction from the (100) planes at the Bragg angle, 
destructive interference is produced by diffraction from the (200) planes. The (200) 
peak is still present though as all the lattice points lie in the (2 0 0 ) planes.
(100) Planes (200) PlanesBody centred cubic unit cell
Figure 8 : Body centred cubic unit cell showing the (100) and (200) lattice planes
Systematic absences can also be caused in a similar way by translational 
symmetry elements such as glide planes or screw axes. Glide planes can be thought of 
as a combination of two symmetry operations; translation followed by reflection. An 
example of this is shown in Figure 9 where an atom is repeated by undergoing a 
translation in the y direction (the translated distance being half the length of the b 
axis), followed by a reflection in the y-z plane. All atoms shown are above the plane 
of the diagram (+z).
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X
Glide Plane
l+z l+z
Figure 9: A glide plane along the yz plane
Screw axes are similar to glide planes but instead of reflection, the second 
symmetry operation is rotation. An example of a twofold screw axis is shown in 
Figure 10 where an atom is repeated by the same translation as described in Figure 9, 
followed by a 180° rotation about the b axis. This causes the atoms above the plane of 
the diagram (+z) to be repeated below the plane of the diagram (-z).
> y
l+ z
2 1 Screw Axis
Figure 10: A  twofold (2i) screw axis in the y direction
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Since X-rays are scattered by the electrons in an atom, it follows that atoms 
with higher atomic number will produce more intense diffraction than those of lower 
atomic number. Therefore, the X-ray diffraction pattern will be dominated by the 
positions of the heavy atoms. This can cause problems when trying to locate the 
positions of atoms of low atomic number in the presence of those with high atomic 
number.
Intensities in diffraction patterns also depend on the value of 20. As mentioned 
above. X-rays are diffracted by the electron charge cloud of the atoms. Since these 
electron clouds have a finite size, the effect of diffraction from different points needs 
to be considered. At low angles, there is little phase difference between the X-rays 
diffracted from different points. However, at higher angles, the X-rays diffracted from 
points further into the electron cloud have a significant distance further to travel than 
those diffracted closer to the edge (Figure 11). This gives rise to a significant phase 
difference, which consequently produces destructive interference. Therefore in XRD 
patterns, the intensities of peaks at higher 2 0  values tend to be significantly lower than 
those at lower angles (Figure 12).
Figure 1 1 : Dependence of angle on constructive, or destructive, interference of
diffracted X-rays
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Figure 12: An XRD pattern showing the general drop-off of peak intensity with 
increasing 2 0
Diffracted intensities are also dependent on a number of other factors. At 
temperatures above OK, the atoms in crystals vibrate and these vibrations are known 
as thermal displacement parameters. The extent of vibration, and whether the 
vibrations are isotropic or anisotropic in nature, affects peak intensities in diffraction 
patterns. Peak multiplicities also affect the intensities as more than one lattice plane 
can contribute to the same peak. For example, in a material with a primitive cubic unit 
cell, the ( 1 0 0 ) peak will appear more intense than expected compared to the ( 1 1 1 ) 
peak, as the (0 1 0 ) and (0 0 1 ) peaks are also contributing to the former.
As mentioned previously, the crystallites are assumed to be aligned randomly 
in powder diffraction. If this is not the case, we have ‘preferred orientation’. This 
usually occurs when the crystallites are relatively large, and so tend to align 
preferentially in a particular way. This changes the probabilities of bringing each 
lattice plane into orientation for diffraction to occur, leading to enhanced intensities 
being shown for some of the peaks.
Polarisation factors can also affect the peak intensities as the material being 
analysed can partially polarise the diffracted X-ray beam, reducing the diffracted 
intensities by a factor of (l+cos^20)/2. This polarisation term increases the peak 
intensities at very high and very low angles relative to the peaks at intermediate 
angles.
For the purposes of this research, a Seifert XRD 3003TT diffractometer was 
used. The geometry is such that the sample is kept fixed, while both the X-ray source
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and the detector are moved by 0 degrees, as shown in Figures 7 and 13. This results in 
a diffraction pattern of intensity of diffracted X-rays versus 20.
i Detector
X-Ray Source
i
[ Sample
Figure 13: Picture of a Seifert XRD 3003TT diffractometer, with the geometry of the 
instrument shown
The quality of the structural data obtained, using the technique of X-ray 
diffraction, is dependent on both the range of 2 0  used and the rate at which each scan 
progresses. Whilst collecting the data used in this project, using the X-ray 
diffractometer shown in Figure 13, a typical scan (sufficient to determine phase 
purity) would be carried out over the 20 range 20° - 50° and took twenty minutes. 
However, when data of higher quality were required, in order to refine a model to the 
data (explained in detail later), the scans were performed over the 2 0  range 2 0 ° - 1 2 0 ° 
for approximately twelve hours.
2.2.3 Neutron Diffraction
Neutron diffraction is a very similar technique to that of X-ray diffraction. 
However, whereas X-rays are scattered by the electrons in the atoms, neutrons are 
scattered via an interaction with the much smaller atom nuclei. This prevents the 
reduction in scattered intensity seen at higher angles with X-ray diffraction, allowing 
lattice planes with smaller d-spacings to be detected more efficiently. In addition,
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neutron diffraction is a more effective technique for the detection of atoms with lower 
atomic masses (e.g. O, F) in the presence of atoms with high atomic mass (e.g. Ba, 
Sr).
Neutron diffraction is also an extremely useful tool for the determination of 
the magnetic structures of crystals. This is due to neutrons having a magnetic 
moment, which allows them to interact with the magnetic moment of atoms. This 
additional contribution can lead to extra peaks in diffraction patterns due to a 
difference between the chemical and magnetic unit cell of the material.
There are two well-known strategies that are used in neutron diffraction 
experiments; ‘constant wavelength neutron diffraction’, and ‘time of flight (TOP) 
neutron diffraction’. In the former method, a nuclear reactor is used to produce 
neutrons of such velocities that their wavelength is o f the same magnitude as that of 
the interatomic spacing of the analyte (equation 4).
A = (4)
Where X = neutron wavelength, h = Planck’s constant, m = neutron mass and 
V = neutron velocity
As for X-ray diffraction, constant wavelength neutron diffraction makes use of 
a monochromated neutron beam. The diffraction pattern obtained is plotted in the 
same way as that of an X-ray diffraction pattern, i.e. diffracted intensity against 20.
TOP neutron diffraction uses a pulsed neutron source obtained by firing highly 
energetic protons, accelerated by a synchrotron ring, at a heavy metal tai'get. This 
results in a high flux of neutrons being expelled from the target’s nuclei. In TOP 
neutron diffraction, 0  is fixed and X effectively varies, which is the opposite of 
‘constant wavelength neutron diffraction’. This is achieved by timing the neutrons in 
a pulse over the distance between source and detector. The wavelength of each 
neutron can be determined from equation 5.
Where t = neutron flight time over a path length L
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This can then be used in Bragg’s Law to determine the d-spacing of the 
reflection. Therefore the intensity of neutrons detected can be plotted against either 
the time of flight of the neutrons, or the d-spacing. The resolution of the diffraction 
pattern increases with path length although this also has the detrimental effect of 
decreasing the intensity. In addition, if there is a very long path length, a chopper 
must be used. This consists o f a spinning metal disc with a slit that interrupts the 
beam to make sure that the neutrons with high velocities from a subsequent pulse do 
not catch-up with neutrons of lower velocities from the previous pulse.
2.2.4 Structure Factor Equations
In order to describe the scattering of radiation (X-ray or neutron) from a 
crystal fully, ‘structure factors’ (Fhki) must be introduced. These take into account the 
three dimensional coordinates (fractional coordinates) of the atoms in the unit cell, 
along with their form (scattering) factors, and are defined as follows:
I^'ki =  Z  f j  ^ h G r e  ( j)  = 27ü{hXj + + /% ,)  (6);=i
fj is the form factor o f atom type j
h, k, and 1 are the Miller indices of the plane of interest
xj, yj and zj are the fractional coordinates of atom type j
The intensity of the diffracted radiation is proportional to the square of the 
structure factor (equation 7).
= (7)
Where Lki is the intensity of the peak of interest 
Fhki is the structure factor
Therefore, if the symmetry of a crystalline material is known, along with its 
approximate structure, a diffraction pattern for the material can be calculated. Its exact 
structure can then be determined by an iterative process of comparison with the 
observed diffraction pattern. This process of finding the best fit, between calculated 
and observed diffraction patterns, is known as a structural refinement.
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2.2.5 Structural Refinements
Single crystal X-ray diffraction has traditionally been the favoured technique 
for the structural determination of crystalline materials. Unfortunately, in many cases, 
the production of single crystals o f suitable size proves problematic. Therefore 
structural determination of many crystalline materials must be carried out using 
powder diffraction techniques. Until the early 1960s, this was achieved using the 
‘integrated intensity method’. However this was only suitable for materials which 
produced diffraction patterns with clearly resolved peaks. Any overlapping peaks 
caused great difficulties as it was unclear how much intensity was contributed by each 
peak.
Rietveld^ later introduced a more accurate method for the refinement of 
powder diffraction data, and this is now the method exclusively utilised for the 
refinement of powder diffraction data. Rather than using an intensity value recorded 
for each diffraction peak, Rietveld proposed the use of every data point in the 
diffraction profile, allowing a much greater quantity of structural information to be 
gleaned. Rietveld’s method relies on a least-squares minimisation of the difference 
between the observed and calculated (from the structural model proposed) profiles.
GSAS^ (General Structure Analysis System) is a suite of programs used for 
the Rietveld refinement of X-ray and neutron diffraction data. As well as being 
capable of refining a structural model using more than one data set, it is also able to 
refine simultaneously multiphase samples. In a general GSAS Rietveld refinement, 
starting values for structural data (space group, cell parameters, atom positions), along 
with instrument data obtained from the diffractometer, are entered into the program. 
Through a series of least-squares calculations, the starting parameters are refined to fit 
the diffraction pattern. Other parameters are also varied such as the background, peak 
shapes, atom positions and thermal parameters. A visual display of the data fit can be 
obtained showing the observed, calculated and difference diffraction profiles (Figure 
14). A  solid line is plotted on a histogram showing the calculated diffraction pattern 
from the structural data entered. Superimposed on this are the data points obtained 
from the actual (observed) diffraction pattern. A difference-curve is plotted below 
these profiles showing the difference between the calculated data and the observed 
data. As the data are refined, the solid (calculated) line gets closer to the diffraction 
pattern and therefore the difference curve becomes smoother.
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Figure 14: A visual display of the observed (red crosses), calculated (solid green line) 
and difference (solid pink line) profiles for a sample from Rietveld refinement of 
neutron diffraction data using GSAS.
The most visual way to bring a refinement to conclusion is to follow the 
refinement using the difference profile mentioned above. However, the quality of fit 
of the calculated model to the observed data can also be represented quantitatively in 
terms of agreement indices, more commonly known as ‘residual factors’ or R factors. 
There are several types commonly used; the ‘profile R factor’ (Rp), the ‘weighted- 
profile R factor’ (Rwp), the Bragg R factor’ (Rb) and the ‘expected R factor’ (Rexp). 
These are defined as follows:
^ |y ,(oW -y ,(ca /c ) |
(8 )
Where y,(obs) is the intensity observed at point i and y;(calc) is the intensity 
calculated for point i
X
-
Y ,  H’, (y, (obs) -  y  I {calc)Y
(9)
Wi is the weighting
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R,j —
lL\f„k^obs)-y,„(calc)\
hkli ( 10)
Ihki is the intensity
The quality of the data being used is indicated by the statistically expected R 
factor, Rexp This is defined as follows:
iM
( N - P )e^xp - Ÿ^ >^i(yi(obs)Y ( 11)
Where N is the number of observations and P is the number of parameters varied in 
the refinement.
Rexp gives an indication of the quality of data as it depends on the length of 
time spent collecting the diffraction data (it will be lower for longer data collection 
times). At the end of the refinement, Rwp should be close to Rexp and so the ‘goodness- 
of-fit’ (%^ ) of the refinement can be shown by the ratio between the two. This is 
defined as follows:
(12)
Theoretically, should approach 1 for a good refinement. However, values 
can sometimes be misleading and should only be used as an indication to the quality 
of fit. For example, if diffraction data are collected for too long, an unreasonably low 
value will be obtained for Rexp. making it sometimes unfeasible to refine the data 
sufficiently to obtain a correspondingly low value for Rwp. Other factors are also 
known to affect R factors adversely, such as the use of furnaces or cryostats during 
data collection.
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2.3 Computer Modelling
The computer modelling of materials is now considered to be an important 
technique in solid-state chemistry7’^^ As well as having the ability to help predict the 
favourability of reactions and processes, it is an extremely useful tool in assisting in 
the interpretation of experimental data.
The modelling technique uses mathematical terms to describe the energy of a 
system as a function of its atomic coordinates. From this, an interatomic potential 
model of the system is achieved and this is used as the foundation of the computer 
model. For polar materials, this model contains Coulomb energies, short-range 
energies and ionic polarisation.
One of the most important calculations in computer modelling is that of the 
lattice energy. This is defined as the energy of the crystal with respect to its 
component ions at infinity and the equation for this is given:
)+ ... ( 13)
i j  h  ij #
Where El = Lattice energy, qi/ qj = charge on ion i /  ion j, ry = interatomic separation 
between ions i and j, <!>( ry ) = two-body central-force contribution to the short-range 
energy and lyt ) = three-body terms (functions of the coordinates of three atoms).
In the first term on the right hand side of equation 13, coulombic interactions 
are described by charges and are assigned to each atom {i, j). For polar inorganic 
solids, the fully ionic Born model (using integer charges) is used. The summation of 
this term can cause problems because of its slow convergence due to r '\ However, 
this can be improved by using the Ewald‘^  method which transforms the summation 
into reciprocal space. The short range energies are described by interatomic 
potentials.
The second term on the right hand side of equation 13 uses a two-body 
potential to model the short range interactions. The most popular function used for 
this is the Buckingham potential, which is shown as follows:
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(14)
Where A, C and p are potential parameters assigned to each ion-ion interaction.
The exponential term in this equation models the repulsive overlap of electron 
clouds at close separations. The term on the far right models the Van der Waals 
dispersive forces from dipole-dipole interactions. Figure 15 shows the competing 
interatomic forces between ions i and j at different atomic spacings.
Repulsive
Overall Potential Energy of 
   " 'I
Attractive
Interatomic Spacing (ry)
Figure 15: Competing interatomic forces between ions i and j at different atomic 
spacings
Another factor which needs to be modelled is the ionic polarisation. This 
arises from the distortion of electron charge clouds by applied fields and is 
represented by the shell m o d e l , a s  shown in Figure 16. In this model, the ion core is 
connected to a mass-less shell of polarisable valence electrons by a harmonic spring. 
The displacement of this shell relative to the core represents the ion dipole.
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Figure 16: The Shell Model
The core represents the nucleus and core electrons and has a charge of X. The 
shell represents the valence electrons and has a charge of Y. The total ionic charge is
denoted by Z and is given by X+Y. The polarisability is proportional to — .
ks
Two main methods are used to derive the potential parameters used in both the 
Buckingham potential (A, p, C) and the shell model (Y, k j . Using empirical methods, 
the parameters are adjusted to obtain the best fit between calculated and experimental 
crystal properties. Theoretical methods use quantum mechanical calculations to derive 
short-range energies as a function of ly and are effective for the Buckingham potential 
parameters but not for those of the Shell model.
Once a potential model has been adequately defined, techniques can be used to 
examine the physical, structural and defect properties of the system. So that an 
equilibrium structure can be obtained, energy minimisation techniques are employed. 
The most frequently employed methods are known as gradient techniques. These 
calculate first derivatives of an energy function with respect to the parameters being 
varied. The parameters of this energy function are then updated iteratively according 
to a variety of functions, the simplest of which is shown in the following equation.
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= x ” ~ g ” â  ( 15)
Where g; = 3E;/3xi, is a vector and refers to the position at the next iteration i.e. 
the updated position, x  ^refer to variables and their gradients on the p*'' iteration and 6 
is a scalar parameter
The time taken for convergence may be greatly reduced by using both first and 
second derivatives. The most commonly used method to employ first and second 
derivatives is the Newton-Rhapson procedure wherein the variables are adjusted 
according to the function shown in the following equation.
^-(/.+1) - ( l y f ) - ' g P  ( 1 6 )
Where W represents the second derivatives of the energy functions (Wy = 
9^E/3xi3xj), this method increases computing time for the calculation and inversion of 
the second derivative matrix W, particularly with large matrices. However, the 
number of iterations required to achieve convergence are reduced and with computers 
always increasing in speed, the improved convergence typically outweighs the extra 
computation.
2.3.1 Defect calculations
The modelling of defects involves the relaxation of lattice ions surrounding a 
defect. This long-range relaxation is mainly electrostatic in origin and can be 
modelled using the two-region strategy as shown in Figure 17. Region I is a spherical 
region immediately surrounding the defect and contains around 100-300 ions, each of 
which is simulated atomistically using interatomic potentials. The coordinates of each 
of these ions are adjusted until the configuration with the minimum energy is 
obtained. At distances further from the defect where the defect forces are relatively 
weak, region II is used. Region Ilb extends to infinity and continuum theories are used 
to model this where the polarisation of the crystal (per unit cell) is given by equation 
17.
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Where V = unit cell volume, q = defect charge, d = distance from defect, r = mean 
interatomic separation and Eq = dielectric constant.
Region Ila is treated as an interface between Region I and Region lib with 
only harmonic terms of the potential. One of the most widely used two region 
approach is the Mott-Littleton approximation'"*.
(Ila)
Figure 17: The two region approach where D represents a defect 
The total defect energy is given in the following equation:
£■ = £:, (x) + Eg (%, >0 + E3 (y) (18)
Where E| is a function of the coordinates x (and dipole moments) o f the ions within 
Region I, E3 depends on the displacements y of the ions in Region II and Ei(x,y) 
arises from the interaction between Region I and Region Ila.
These techniques make the computer simulation of inorganic materials 
extremely useful for the prediction and interpretation of experimental data, thus 
making computer modelling an invaluable technique in materials science.
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2.4 Infra-red Spectroscopy
Infra-red (IR) radiation makes up the part of the electromagnetic spectrum 
between 750 nm and 1 mm. The section of most use for infrared spectroscopy, 
however, is between 750 nm and 16000 nm.
When a substance is irradiated with a beam of infra-red radiation, the radiation 
can either be absorbed or transmitted. The absorption of IR radiation is dependent on 
the symmetry of a molecule. This symmetry governs its allowed vibrational modes, 
such as bending or stretching. Only those vibrational modes that result in a change in 
the dipole-moment of the molecule are visible in IR-spectroscopy, and are therefore 
classed as IR-active. In such cases, infrared radiation of a particular wavelength will 
bring about a transition in this molecule from one vibrational state to another, 
resulting in absorption of the radiation at that wavelength.
In IR-spectroscopy, a range of wavelengths is analysed and the resulting 
absorption is plotted against the wavelength (expressed in wavenumbers (cm'*)) at 
which it occurs. In this way, specific vibrational modes in molecules can be identified 
from the frequency at which the radiation is absorbed. An example IR-spectrum is 
shown in Figure 18. Before collecting the spectrum of an analyte, the spectrum of the 
background must first be subtracted. This removes peaks due to interferences such as 
atmospheric water or carbon dioxide.
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Figure 18: An example of an IR spectrum
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Analytes can be measured in any state (depending on the spectrometer), solid, 
liquid or gas. In the research presented here, the technique was used to determine 
whether or not any water is present in a range of solid inorganic oxides and oxide 
fluoride samples. For this reason, the samples were analysed in solid form as KBr 
discs. In order to prepare these disks, a small amount (~ 0.02g) of each sample was 
mixed in a 1:100 ratio of sample : KBr (by mass) and ground using a pestle and 
mortar. This mixture was then pressed into a pellet (13 mm diameter), using 10 tonnes 
of pressure. In order to produce a good absorption/transmission ratio, the resulting 
disks needed be of the correct thickness (~ 1 mm thick), although this depended on 
the sample, and the ratio of sample to KBr used. A Perkin Elmer System 2000 FTIR 
(Fourier Transformation Infra Red) spectrometer was employed in the collection of 
the IR spectra in this project.
In FTIR spectroscopy, the source radiation is channelled firstly through a 
‘Michelson inteiferometer’ (Figure 19), and then through the sample. The 
interferometer works as follows. The incident radiation strikes the beam splitter at a 
45° angle. The beam splitter transmits half the radiation to a mirror oscillating at a 
precise frequency. This reflects the radiation back to the beam splitter where it is 
subsequently reflected towards the detector. The half o f the incident radiation that is 
not initially transmitted by the beam splitter is reflected towards a fixed mirror. This 
minor reflects the radiation back to the beam splitter where it passes through, 
recombining with the initially transmitted radiation. Depending on the position of the 
oscillating minor, the beams can combine constructively or destmctively. This 
produces an interference pattern, which after being passed through the analyte, is 
translated into an IR spectrum using Fourier Transformation. The advantage of this 
method is that it leads to rapid data collection.
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Figure 19: A Michelson Interferometer (Adapted from reference 15)
2.5 Therm ogravim etric Analysis
In the technique of thermogravimetric analysis (TGA), a substance is heated to 
a specified temperature using a particular heating rate. Over the time taken for this to 
occur, the mass o f the sample is closely monitored.
The analyte is typically placed in a platinum heating pan on a precision 
thermobalance. The atmosphere surrounding the sample can usually be varied, for 
example rather than air, Ar(g> or Nz(g) can be used to give an inert atmosphere, 
preventing oxidation o f the sample from occurring. A pre-set temperature programme 
raises the temperature, at a specified rate, to the desired end-temperature. As the 
sample is subjected to the increasing temperature, mass losses (e.g. loss of HiO, O2) 
may occur, or in some cases even mass gains. Generally, a computer coupled to the 
TGA plots a graph of the mass of the sample, as a function of temperature. An 
example of this is shown in Figure 20.
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Figure 20: An example of a TGA graph
From the graph produced, the weight changes can be related to particular 
stages of the decomposition of the sample. This can give both qualitative and 
quantitative data on the sample of interest. Provided the relative molecular mass of 
either the starting material, or the sample at a particular stage in the process is known, 
the relative molecular mass at the plateaus on the graph can be determined.
In addition, some TGA instruments may be coupled to other analytical 
instruments such as UV spectrometers or mass-spectrometers in order to analyse any 
gases being given off.
In this project, TGA was used to study the water content of hydrated K2MF4 
phases and for these purposes, a Stanton Redcroft STA 780 thermal analyser and a 
TA Instruments Q600 were used. The heating rate used in these analyses was 
5°C/minute and the experiments were carried out in an atmosphere of flowing air.
2.6 Fluoride-selective Electrode
The fluoride-selective electrode is a membrane electrode that is sensitive 
towards only fluoride ions in the presence of other ions. The most general use for this 
electrode is the quantitative determination of trace levels of fluoride in aqueous 
samples. It can also be used to monitor continuously reactions involving fluoride ions.
The membrane consists o f a single crystal of EuFa-doped LaF^. This doping 
creates F-vacancies within the structure, allowing F conduction. On the other side of
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this membrane is an internal reference Ag/AgCl electrode contained in a solution of 
KCl/AgCl. The electrochemical cell is completed by an external Ag/AgCl electrode, 
which is also contained in a solution of KCl/AgCl.
When both electrodes are placed in a solution containing F' ions, these ions are 
driven to diffuse into the crystal membrane of the fluoride-selective electrode by the 
higher concentration on F ions in the solution. This migration of F  ions into the 
membrane continues until an equilibrium is reached between this diffusion and the 
opposing electrostatic repulsion between the negatively charged F ions within the 
crystal. The aggregation of F' ions in the membrane is countered in the internal 
reference solution by the oxidation of Cl ions as they become part of the Ag/AgCl 
electrode. The electrons released in this oxidation then flow through an external wire 
to an ion-meter, where a potential is measured, to the external Ag/AgCl electrode.
This results in the reduction of Ag^ ions (from the KCl/AgCl filling solution of this 
reference electrode) as they are deposited onto the Ag/AgCl electrode. This Ag^ 
deposition is charge-balanced by the release of Cl" ions from the filling solution into 
the sample solution. When this system is in equilibrium, the voltage of the cell can be
recorded and related to the concentration of F in the solution.
In order to calibrate the electrode, two or more standards of known F" 
concentration need to be prepared. The potential of each of the standards is then 
measured in order of increasing concentration. The measured potential is plotted on 
the y-axis against the log of fluoride concentration on the x-axis, producing a 
calibration curve. A sample of unknown fluoride concentration can then be measured 
against this calibration curve and, consequently, the concentration of the analyte in the 
sample can be determined.
The electrode used for these measurements was a Select Systems F ion 
selective electrode and this was coupled to a Jenway 3345 ion analyser.
For each analysis, -  0.01 g of sample was dissolved in 5 cm  ^of 3 M HCl, with 
stirring, and made up to 50 cm^ with distilled, de-ionised water. 50 cm  ^ of TISAB |
(Total Ionic Strength Adjustment Buffer) was subsequently added to this solution in i
order to ensure the maximum concentration of F" ions in solution. The fluoride- 
selective electrode, attached to an ion-meter, would then be immersed in this solution 
and the potential recorded once equilibrium was reached. This potential would then be 
compared to the calibration curve, and the fluoride concentration of the solution 
determined.
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2.7 XANES
The XANES (X-ray Absorption Near-Edge Structure) technique measures the 
amount of absorption of X-rays by a material with increasing X-ray energy. At a 
particular X-ray energy, as the X-rays have sufficient energy to free (or excite) an 
electron in the material, the level o f absolution increases suddenly and this is known 
as the edge step. The energy at which this occurs is characteristic of the oxidation 
state of the absorbing atom. At energies slightly higher than the edge step, oscillations 
in absorption occur, known as XANES, which contain information on the site 
symmetry and electronic configuration of the absorbing atom.
The XANES performed in this project were carried out by Frank Berry and 
Xiaolin Ren, on Station 7.1 at the Synchrotron Radiation Source, at Daresbury 
Laboratory.
2.8 M ossbauer Spectroscopy
The Mossbauer effect is the resonant, recoil-free, emission and absorption of 
gamma radiation, from atoms bound in a solid. In Mossbauer spectroscopy, a source 
of gamma radiation, from the same isotope as that in the sample under investigation, 
is directed through the sample and the intensity of the transmitted radiation is 
recorded. Because the gamma radiation used has been emitted by the same isotope as 
that contained in the sample, a significant proportion of the source radiation can be 
absorbed by the sample, at energies equivalent to resonant energy levels of the 
sample. The energy of the source of gamma radiation is varied by oscillation through 
a range of velocities, which results in a range of energies, due to the Doppler effect. 
The intensity of gamma radiation absorbed is plotted against the velocity of the 
radiation source. From the number of absorption peaks obtained in a spectrum, along 
with their positions and intensities, the chemical and magnetic environment of the 
absorbing atoms can be determined.
The Mossbauer spectroscopy performed in this project was carried out by 
Frank Berry and Xiaolin Ren, at the Open University.
The accuracy and precision of the methods used in this project can be inferred 
from the standard deviations, which are given in brackets for the data presented here.
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3.1 Introduction
Materials with the K2Nip4 structure have attracted considerable interest 
recently due to their ability to incorporate extra anions within the rock salt type 
l a y e r s .T h e  structure is shown in Figure 1, and consists of perovskite-type layers, 
separated by rock salt-type layers. The extra anions occupy fluorite-type positions 
within the rock salt layers, as shown by the light blue spheres in the Figure. These 
interstitial anions have been shown to alter not only the structural properties of these 
m a t e r i ^ '8.20-23.25-28 also the physical properties, most notably those 
of an electrical nature. ' ' 2.13,17 20,23,24.27 particular, early work showed that the 
fluorination of Sr2Cu0 3  with F2 gas led to the formation of superconducting 
SriCuOzFi+s.^ Similarly, incorporation of extra oxygen into La2Cu0 4  also resulted in 
superconducting properties.^^’^ ®
Interstitial Anion  
Positions
NiF,
Figure 1: The K2Nip4 structure showing the interstitial anion sites within the rock salt 
layers
More recently, the influence of these extra anions on the ionic conductivities 
has been attracting interest. In this respect recent work from Skinner and co-workers
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has shown that the K2Nip4 phase, La2Ni0 4 +§, exhibits both high electronic and oxide 
ion conductivity,*^ the latter attributed to the presence of the interstitial oxygen ions. 
The good mixed conducting properties of this phase therefore raises the potential for 
its utilisation in technological applications, such as at the cathode in a Solid Oxide 
Fuel Cell (SOFC). In such a fuel cell, the electronic conducting properties in the 
cathode allow the electrons (from the external fuel cell circuit) to reduce O2 to 2 0 ’^. 
The ionic conducting properties of the cathode then allow the migration of the O '^ to 
the electrolyte.
Subsequent work has examined the effect o f Co doping on the properties i.e. 
La2Nii.xCox0 4 +5.^ ’^^ '*’^  ^ However, there is a need for further work on Co containing 
K2Nip4 systems and in this respect, the series La2-xSrxCo0 4 +§ is of interest.
Work on La2-xSixCo04+5 originally attracted attention due to the interest in 
related perovskite-type cobaltates, Lai-xSixCoOa, which are well known for their high 
electronic and oxide ion conductivity, and have themselves attracted attention as 
potential SOFC cathode materials.^* In terms of research on La2-xSrxCo0 4 +s, selected 
materials in this range have been studied from an electrical conductivity 
p e r s p e c t i v e . T h i s  work has shown that as the Sr content increases, so the 
conductivity increases. As a result, most further studies have targeted the samples 
with high Sr levels. In terms of examining the interstitial oxygen content, important 
for the oxide ion conductivity, work has concentrated on the x = 0 .0 , La2Co0 4 +5, 
phase.^’*^  Consequently there is still a requirement for a detailed study of the 
evolution of the structure across the range 0 .0  < x < 1 .0 , particularly to identify trends 
in structural parameters and their relationship with the incorporation o f interstitial 
oxygen. Therefore, in order to analyse the structural characteristics of these materials 
more comprehensively, ten samples in this range have been studied using neutron 
powder diffraction. The results are reported here, and discussed in relation to reported 
conductivity data to help identify which materials may offer promise as potential 
SOFC cathode materials.
3.2 Experimental
High purity La2 0 ], S1CO3 and C03O4 were used to prepare a range of 
La2-xSrxCo04+5 samples with x = 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.7, 0.8, 0.9 and 1.0. The 
starting materials were ground in the correct stoichiometric ratios and heated at
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1250°C for 16 hours. The samples were then reground and reheated at 1350°C for a 
further 16 hours. In order to obtain pure samples for x < 0.4, synthesis under nitrogen 
was required. All the samples were then annealed in O2 at 400°C for 12 hours in order 
to ensure the maximum oxygen content.
Neutron diffraction studies were performed using the POLARIS 
diffractometer at ISIS, Rutherford Appleton Laboratory. The GSAS suite of 
programs "^  ^was used to refine the structural models to these data.
3.3 Results and Discussion
From initial inspection of the neutron diffraction data a change in symmetry 
can be clearly observed in this series at a low value of x (Figure 2).
x=1.0
J J lix=0.9
-_____x=U.
x=0.7
. ft x=0.5
CO
x=0.3
( 112)x=0.2
x=0.0
2:0.d-spacmg (A) 2.5
Figure 2: Neutron diffraction patterns for La2-xSrxCoÜ4+5 (0.0 < x < 1.0)
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This change in symmetry, evident from Figure 2, is indicated by the splitting 
of peaks for those phases with x < 0.1. For example, the body-centred (112) peak 
around 2.5 Â splits into the face-centred peaks (202) and (022). This is due to a 
lowering in symmetry from tetragonal to orthorhombic and an enlargement of the unit 
cell. The orthorhombic unit cell is shown in Figure 3.
Interstitial O
Figure 3: K]NiF4 structure displaying orthorhombic symmetry
The enlarged orthorhombic unit cell corresponds to a tetragonal unit cell 
rotated 45° about the z-axis. The a and b parameters in the orthorhombic cell are 
therefore longer than those of its tetragonal counterpart by a factor of approximately
V2.
For the structural refinements, two possible structural models were examined, 
namely orthorhombic (space group Abma) and tetragonal (space group I4/mmm). It 
was shown that samples with x < 0.1  adopted the former cell, while samples 
containing higher levels of Sr (x > 0.2) adopted the latter. Refined structural data for
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the range of samples are shown in Tables 1 - 3. Figure 4 shows an example fit of such 
refinement.
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Figure 4: Observed, calculated and difference neutron diffraction profiles for 
LaSrCo0 4  with I4/mmm symmetry
3.0
Table 1 : Refined Structural data for La2Co0 4 +s
Atom X y z Uiso (xlOO)/À^ Site Occupancy
La -0.0013(7) 0 0.36092(8) 0.85(1) 8 f 1
Co 0 0 0 0.47(4) 4a 1
C l 0.017(2) 0 0.1654(2) 4.37(2) 8 f 1
0 2 0.25 0.25 0.0057(5) 1.74(1) 8e 1
0 3 0.255(4) 0.292(2) 0.228(2) 2.3(8) 16g 0.073(5)
Cell Parameters: a = 5.5318(1)A, b = 5.4720(1 )A, c = 12.5467(3)A (R^p = 0.0305, R 
= 0.0631, = 9.627)
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Table 2: Refined Structural data for Lai.9Sro.iCo0 4 +s
Atom X y z Uiso (xlOO)/À^ Site Occupancy
La 0.0002(7) 0 0.36062(5) 0.81(1) 8 f 0.95
Sr 0.0002(7) 0 0.36062(5) 0.81(1) 8 f 0.05
Co 0 0 0 0.52(3) 4a 1
o i 0 .0 0 2 ( 1) 0 0.1669(1) 4.18(5) 8 f 1
0 2 0.25 0.25 0.0046(3) 1.36(2) 8e 1
0 3 0.217(2) 0.278(2) 0.243(1) 0.3(2) 16g 0.053(2)
Cell Parameters: a = 5.50345(7)A, b = 5.46772(7)A, c = 12.5509(2)A (Rwp = 0.0235, 
Rp = 0.0430, x^ = 5.201)
Table 3a: Refined structural data for tetragonal La2-xSrxCo04+8 phases (0.2 < x < 0.5). 
General atom positions: La/Sr (4e) (0, 0, z); Co (2a) (0, 0, 0); 01 (4e) (0, 0, z); 0 2  
(4c) (0, 0.5, 0); 0 3  (4d) (0, 0.5, 0.25)
Atom Parameter X = 0 .2 X = 0.3 X = 0.4 X = 0.5
La/Sr z 0.36068(4) 0.36097(4) 0.36120(3) 0.36177(4)
Uiso (xlOO)/À^ 0.703(8) 0.654(9) 0.601(6) 0.572(8)
Co Uiso (xlOO)/À^ 0.45(2) 0.40(2) 0.35(2) 0.28(2)
C l z 0.16695(7) 0.16705(7) 0.16725(5) 0.16782(5)
Uiso (xlOO)/À^ 3.36(4) 2.68(3) 2.24(2) 1.6 8 (2 )
0 2 Uiso (xlOO)/À" 1.30(3) 1.16(2) 1.04(3) 0.87(2)
0 3 Uiso (xlOO)/À^ 2.5(2) 2.6(3) 2.1(5) 1
Occupancy 0.094(4) 0.071(5) 0.041(3) 0.008(3)
Cell Parameters
a/A 3.86866(2) 3.85956(3) 3.85107 (2) 3.83737(2)
b/A 3.86866(2) 3.85956(3) 3.8510 7(2) 3.83737(2)
c/A 12.5511(1) 12.5453(2) 12.5323 (1) 12.5291(1)
Rwp 0.024 0.0229 0.019 0.0231
Rp 0.0418 0.0393 0.0341 0.0386
x" 7.348 5.938 3.91 5.567
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Table 3b: Refined structural data for tetragonal La2-xSrxCo0 4 +s phases (0.7<x<1.0). 
General atom positions: La/Sr (4e) (0, 0, z); Co (2a) (0, 0, 0); 01 (4e) (0, 0, z); 0 2  
(4c) (0, 0.5, 0)
Atom Parameter X = 0.7 X = 0.8 X = 0.9 X = 1.0
La/Sr z 0.36156(2) 0.36109 (3) 0.36071(2) 0.36036 (2)
Uiso (xlOO)/À^ 0.558(5) 0.528(5) 0.561(5) 0.544(4)
Co Uiso (xlOO)/À^ 0.33(2) 0.32(2) 0.31(2) 0.26(1)
o i z 0.16622(3) 0.16504(4) 0.1643 (3) 0.16377 (3)
Uiso (xlOO)/A^ 1.36(1) 1.26(1) 1.2 1 ( 1) 1.13(1)
0 2 Uiso (xlOO)/À^ 0.82(2) 0.77(2) 0.78(2) 0.74(1)
Cell
Parameters
a/A 3.82489(1) 3.81580(2) 3.81071(2) 3.80480(1)
b/A 3.82489(1) 3.81580(2) 3.81071(2) 3.80480(1)
c/A 12.49643(8) 12.4875(1) 12.48684(9) 12.48686(8)
R»p 0.0186 0.0171 0.0171 0.016
Rp 0.0377 0.0319 0.0343 0.0312
X- 1.982 4.052 1.998 4.633
There are a number of interesting features that can be seen from these data. Of 
key interest is the interstitial oxygen content, which is shown to be negligible for 
samples with Sr content, x > 0.5, and to increase with decreasing Sr content for the 
series 0.0 < x < 0.5 (Figure 5). As of result of these changes, the Co oxidation state is 
shown to decrease with decreasing Sr content in the range 0.7 < x < 1.0, but then stays 
approximately constant at = 2.6+ over the range 0 < x < 0.5, due to the incorporation 
of interstitial oxygen balancing the effect of La replacing Sr (Figure 5). This is 
particularly interesting and shows that the interstitial oxygen content is dictated by the 
willingness of the structure to achieve this Co oxidation state. These data suggest that 
it may be possible to prepare samples with higher interstitial oxygen content, if La is 
partially substituted by a tetravalent cation such as Ce, and investigation of this 
doping strategy is planned.
It is also interesting to note that the thermal parameters for the apical 01 
oxygen are high for samples containing interstitial oxygen. This can be correlated 
with static disorder in the system as a result of the presence of interstitial oxygens; the 
presence of oxygens in the interstitial positions will cause a displacement in the 
neighbouring oxygens, particularly the apical 01 position. The fact that the thermal
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displacement parameters decreases with increasing Sr content is a further indirect 
indication of a reduction in the interstitial oxygen content.
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Figure 5: The variation of Co oxidation state and the interstitial oxygen content, 6 , 
with Sr content, x, for La2-xSrxCo04+5
Another key feature from the structural data is the variation of cell parameters 
across the series. The structural data show that as the Sr content decreases, there is a 
general increase in cell volume (Tables 1-3). However, the individual cell parameters 
show more complex trends, as shown in Figure 6 . From this Figure it can be seen that, 
as for the volume change, there is a general increase in a and b with decreasing Sr 
content, with the samples becoming orthorhombic for x < 0.1. In contrast, the c 
parameter reaches a maximum value as x decreases to x = 0 .2 , and then shows a small 
decrease for lower values of Sr content. In terms of explaining the variation of the cell 
parameters, there are three factors that need to be considered. Firstly the replacement 
of La by Sr, which would have a tendency to result in an increasing cell volume with 
increasing Sr content, due to the larger size of Sr'"^  compared to La^ ,^ which is 
opposite to what is observed. The second factor is the decrease in Co oxidation state 
as X decreases, which would have a tendency to increase the cell volume as the Sr 
content decreases, due to the larger size of Co^ "^  versus Co^ .^ The effect of this feature 
outweighing the effect of replacing Sr by La can explain the increase in cell volume 
for the range, 0.7 < x < 1.0. However, the data from Figure 5, show that the Co
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oxidation state remains approximately constant in the range 0 < x < 0.5, and so this 
does not explain why the cell volume continues to increase with decreasing Sr 
content, x, in this range. This increase in cell volume can then presumably be 
explained by the third factor to be considered, namely the incorporation of extra 
interstitial oxygen, as shown in Figure 5. However, previous studies of the effect of 
the incorporation of interstitial oxygen in related K2N1F4 systems, La2Cu0 4  and 
La2Ni0 4 , have shown an increase in the c parameter and a reduction in the a, b 
parameters on increasing the interstitial oxygen c o n t e n t . T h i s  is contrary to the 
situation observed for the La2-xSrxCo0 4 +s series, for which a, b increase. It should be 
noted, however, that for La2Cu0 4  and La2Ni0 4  the interstitial oxygen results in 
oxidation of Cu/Ni, whereas in the La2-xSrxCo04+6 series, there is negligible change in 
oxidation state, due to the increase in interstitial oxygen content, as x decreases, being 
charge balanced by the increasing La content. Therefore a more relevant comparison 
is shown in chapter 5 with the incorporation of interstitial fluorine into La2(Cu/Ni)0 4  
with maintenance of Cu/Ni oxidation state, i.e. La2(Cu/Ni)0 4 .(x/2)Fx. In such cases an 
increase in a,b is observed, along with a small decrease in c, leading to an overall 
increase in cell volume. This is consistent with the changes observed in the La2- 
xSrxCo0 4 +s system studied here.
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Figure 6 . Variation of cell parameters with Sr content, x, for La2-xSrxCo0 4 +s
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The factors noted above also influence other key structural parameters. In 
particular, there are interesting variations in the C o-0 bond lengths (Figure 7). It is 
shown that, as the Sr content decreases, the C o-02 (equatorial) bond distance 
increases in line with the increase in the a,b cell parameters. In contrast, the Co-Ol 
(axial) bond distances show a more complex variation, in line with the variation of the 
c parameter. For these bonds, the bond distances increase with decreasing Sr content 
in the range 0.5 < x < 1.0. They then remain approximately constant for the range 
0.1 < X < 0.5 before decreasing for the end member phase La2Co0 4 +5. The changes 
can be related to the effects outlined above to explain the cell parameter changes. A 
consequence of these variations of bond lengths is that the extent of elongation of the 
CoOô octahedra varies significantly with Sr content (Figure 8 ).
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Figure 8 . Variation of the elongation of CoOe octahedra with Sr content, x, for 
La2-xSi xCo04+5
In terms of potential uses of these materials as mixed conductors in 
technological applications, such as SOFC cathodes, it is important to correlate 
structural changes with the effect on the conductivity. Previous studies by Matsuura et 
on the samples with x = 0.0, 0.5, 1.0, have shown that the conductivity increases 
and activation energy decreases with increasing Sr content. As noted by the authors, 
this cannot be explained by a simple carrier-hopping model such as electron exchange 
between Co^ '*' and Co^ ,^ as such a model would predict that the conductivity of 
La1.5Sr0.5CoO4.03 (average Co oxidation state: 2.56+) should be higher than that of 
LaSrCo0 4  (average Co oxidation state: 3+), which is opposite to that observed. In 
terms of explaining the observed increase in conductivity, with increasing Sr content, 
Matsuura et a lP  have therefore suggested that, in these materials, the conductivity 
variations are dictated by fine changes in the 3d electron energy levels, brought about 
by the effect of the observed elongation of the CoOe octahedra on spin-exchange 
interactions and the crystal field splittings. The extent of elongation of the CoOs 
octahedra observed from our structural studies is shown in Figure 8 . From these data 
it can be seen that the elongation does not vary uniformly with varying Sr content, but 
rather goes through a maximum at x -  0.5. Therefore the variations in conductivity 
reported previously cannot be simply correlated with variations in the % elongation. 
Instead the conductivities are probably dictated by a range of effects, including the
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effect o f an increase in the Co oxidation state in the range 0.5 < x < 1.0. We have 
performed initial conductivity studies on two samples (x = 1.0, 0,5) and obtained 
values in agreement with those reported by Matsuura et al. i.e ~ 10 Scm’* and ~ 90 
Scm'* at 900°C for La1.5Sr0.5CoO4.03 and LaSrCo0 4  respectively. In order to make 
more detailed conclusions, additional conductivity measurements of samples with 
intermediate Sr levels are required.
The conductivity data reported in the literature are dominated by the electronic 
contribution, and there is also a need to perform detailed studies o f the oxide ion 
conductivity in these materials, e.g. through oxygen diffusion measurements. 
However, in line with previous results reported for the related La2Ni0 4 +s system, it is 
reasonable to presume that the oxide ion conductivity will be mediated by the 
presence of oxygen interstitial ions, and so be highest for samples with low Sr 
content, i.e. the opposite trend to the electronic conductivity. As such, it is likely that 
as the electronic conductivity increases, the oxide ion conductivity will decrease, and 
so there will be a need to strike a balance between the two. With regard to potential 
applications as SOFC cathodes, another feature that needs to be considered, is that 
samples with low Sr contents, x <  0.4, require synthesis in an inert atmosphere, and so 
their stability under cathode operating conditions could be a problem. In particular, 
there is a need to examine how the oxygen content varies with temperature. 
Furthermore, chemical and thermal expansion compatibility with potential electrolyte 
materials requires investigation.
3.4 Conclusions
Detailed structural studies of the K2N 1F4 series, La2-.xSr,xCo04+5 (0 < x < 1.0), 
have been performed. The data show that the interstitial oxygen content is negligible 
for 0.5 < X < 1.0, and then increases with decreasing Sr content for x < 0.5, such that 
the Co oxidation state remains approximately constant, at ~ 2.6+, in this latter range. 
Since high oxide ion conductivity has been reported in La2Ni0 4 +s^ ,^ correlated with 
the incoiporation of interstitial oxygen (5), it is likely that samples with low Sr 
contents may exhibit high oxide ion conduction. Detailed oxygen diffusion studies are 
required in this respect. Further work is required to determine whether these materials 
may be suitable for applications such as cathodes for intermediate temperature 
SOFCs.
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4.1 Synthesis and Structure of A2M“VsM'*o.504  (A = Sr, Ba; 
M‘“ = lu; M*'^  = Sb, Bi)
4.1.1 Introduction
Materials with the perovskite structure have attracted considerable interest due to 
such systems displaying a range o f properties o f technological importance, e.g. 
superconductivity, ionic and electronic conductivity, magnétorésistance, dielectric 
behaviour and catalysis. Although the general formula for a stoichiometric perovskite 
oxide can be written as AM O 3, this simple formula does not indicate the diverse range o f  
com positions that can be prepared. For example, it is possible to have more than one 
cation on both the A and M sites, provided that the total charge is 6 +, with considerable 
attention having been focused on mixed M site cation systems, such as LaMo.sM'o.sOj (M 
is a 2+ cation, e.g. M g, N i, Cu; M' is a 4+  cation, e.g. Ti, Zr), (Ba/Sr)Mo.5M'o.503  (M is a 
2+  cation, e.g. Ni, Zn; M ' is a 6 + cation, e.g. W ), or (Ba/Sr)Mo.33M'o,6703 (M is a 2+  
cation, e.g. Mg, Ca, Ni, Cu; M' is a 5+ cation, e.g. Nb, Ta)
A structure related to that o f AM O 3 perovskite is the KaNiFa structure in which 
perovskite-type layers are separated by rock salt layers. The general formula o f these 
compounds can be written as A 2MO4 (Figure 1 ).
Figure 1. KiNiF4 structure (shown as A 2M O 4)
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A  wide range o f materials with this stmcture-type have been prepared and studied 
including the well-known La2Cii04 based superconductor La2-xBaxCu04/'^‘^^
In contrast to the w ide range o f materials reported with two cations o f different 
charge on the octahedral M site in perovskites (as outlined above), there have been few  
reports o f  such compounds with the K2N ip 4 structure, particularly those with 3+ and 5+ 
ions sharing the M-site.^^’^  ^ In order to rectify this, attempts have been made to prepare 
examples o f such samples, and here w e report the synthesis and structures o f the novel 
compounds A 2M ”'o.5M ' \ 5 0 4  (A  = Sr, Ba; M ”* = In; M'^ = Sb, B i). These are som e o f the 
first examples o f K2N ip4 compounds o f  general formula A2M ” o.5M''^o.5 0 4  with both 3+ 
and 5+ cations in the octahedral sites. The results show that the A:M cation size ratio has 
a key effect on the structures o f these materials, as well as their ability to incorporate 
interstitial anions within the rock salt layers in the structure. In the case o f Sr2Ino.5Sbo.5O4, 
the A:M cation size ratio is shown to lead to full ordering on the octahedral
sites.
4.1.2 Experimental
High purity S1CO3, BaCOs, In203, Sb203 and B^Og were used to prepare the 
compounds A2M "o.5M '\.504 (A=Sr, Ba; M" =In; M'^=Sb, Bi). The powders were 
ground in the required stoichiometric proportions and heated at 1100°C for 
Ba2Ino.5Sbo.5O4, 1000°C for Sr2Ino.5Sbo.5O4 and 950°C for Ba2Ino.5Bio.5O4 for 12 hours, 
before being reground and reheated at 1200°C, 1100°C and 1050°C respectively for a 
further 12 hours. Phase purity was confirmed using powder X-ray diffraction (Seifert 
X RD 3003TT diffractometer). Attempts to prepare the similar phases Ca2Ino.5Sbo.5O4 and 
Si2Ino.5Bio.5O4 were unsuccessful, showing that the stabilisation o f these phases is 
dependent on the cation size ratio in these materials.
In^+ and Sb^^ are isoelectronic and therefore it is not possible to distinguish 
between them by X-ray diffraction. Therefore neutron diffraction was employed, using 
the POLARIS diffractometer for Si2Ino.5Sbo.5O4 and the HRPD diffractometer for 
Ba2Ino.5Sbo.5O4 and Ba2Ino.5Bio.5O4, for which the scattering factors are sufficiently  
different (In (4 .065-0 .0539i) fm , Sb 5.57 fm) that it should be possible to observe any 
ordering o f In and Sb in the structures. For the structural refinements, the GSAS suite o f
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programs^^ was employed. For all samples, an absorption conection  was refined to 
account for the fact that In is a strong neutron absorber.
Initially, neutron diffraction data for Ba2Ino.5Sbo.5O4 were collected on the 
POLARIS diffractometer. However, upon initial inspection of the diffraction pattern, it 
was clear that a significant structural change had occuired. This change was attributed to 
water being incoiporated into the sample, leading to an expansion along the c axis (as 
evidenced by a shift in the (002) peak to a higher d-spacing) and a loss of crystallinity. 
This was supported by IR and TGA studies. As a result of this structural change, the 
sample was re-examined using the HRPD diffractometer, after being heated at 1000°C 
for 2 hours to remove this water. As for Ba2Ino.5Sbo.5O4, Ba2I1io.5Bio.5O4 was also heated, 
in the same way as Ba2I1io.5Sbo.5O4, prior to analysis to ensure the removal of any water 
from the structure.
A similar ability to incorporate water readily has been reported in the related 
K2N ip 4 systems Ba2Zr0 4 ^^  and Ba2Zr0 3 p2 .^  ^ This has also been observed in some 
Ruddlesden Popper phases such as S i3Fe2 0 7 ,^  ^ SrsCoi.vTio.sOv-x, S i4Coi.6Tii.4 0 io-x^ '^  and 
Si'sNdFesOg.^^’^  ^ In these layered materials, the water incoiporation within the rock salt- 
type layers is accompanied by a large expansion along the c-axis, as is expected.
4.1.3 Structural Determination of Ba2 lno.sSbo,s0 4
The structural model for Ba2Ino.5Sbo.5O4 employed the tetragonal space group 
I4/mmm com m only observed for K2N ip 4-type compounds. Using this space group a good  
fit to the data was obtained and the refined structural parameters are given in Table 1 with 
selected bond distances in Table 2 and the neutron profiles in Figure 2. This model does 
not allow for any ordering o f  In and Sb, and so assumes a random distribution o f both 
cations on the octahedral sites within the structure.
Table 1 : Refined structural data for Ba2Ino.5Sbo.5O4
Atom Site X y z U; (xlOO)/A^ Site occ.
Ba 4e 0 0 0.3531(2) * 1
In 2a 0 0 0 0.64(6) 0.5
Sb 2a 0 0 0 0.64(6) 0.5
01 4c 0 0 .5 0 H: 1
0 2 4e 0 0 0.1565(1) * 1
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♦Anisotropic thermal parameters
Atom Uii(xlOO)/Â“ U22(X100)/A^ U33(X100)æ U,2(xlOO)/A' Ui3(xlOO)/À^ U23(xlOO)/À'Ba 1.18(6) 1.18(6) 0.5(1) 0 0 0
01 1.4(1) 2.2(1) 1.0(1) 0 0 0
0 2 1.85(6) 1.85(6) 1.1(1) 0 0 0
Table 2: Selected bond distances for Ba2Ino.5Sbo.5O4
Bond Bond distance (À)In/Sb-Ol 2.0826(1) (x4)In/Sb - 02 2.081(2) (x2)Ba-Ol 2.856(2) (x4)Ba- 0 2 2.614(3) (xl)Ba- 0 2 2.9479(1) (x4)
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Figure 2: Observed, calculated and difference neutron diffraction profiles for 
Ba2Ino.5Sbo.5O4 with I4/mmm symmetry
4.1.4 Structural Determination of Sr2 Ino.5 Sbo.5 O4
After the successful structural refinement o f Ba2lno.5Sbo.5O4 with I4/mmm  
symmetry, attempts were made to refine a similar model for Sr2Ino.5Sbo.5O4. This, 
however, gave a poor fit to the data with evidence for a number o f unfitted peaks as 
shown in Figure 3. The unfitted peaks could be indexed on a V ia x Vlb x c cell, with a 
small orthorhombic splitting. Structural refinement was therefore attempted using the 
orthorhombic space group Abma (Figure 4).
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d-spacing (Â)
Figure 3: Observed, calculated and difference neutron diffraction profiles for refinement 
o f Sr2Ino.5Sbo.5O4 with I4/mmm symmetry (x“ = 65.33, Rwp = 0.0843, Rp = 0.0962)
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Figure 4: Observed, calculated and difference neutron diffraction profiles for refinement 
of Sr2lno.5Sbo,504  with Abma symmetry {X  = 5.944, Rwp = 0.0254, Rp = 0.0400)
This gave a much better fit than using the space group I4/mmm, although some 
intensity problems persisted. Further refinements were therefore performed, investigating 
several other structural m odels that allowed for either ordering o f In and Sb in the 
octahedral sites within a layer, or ordering based on alternate layers o f In and Sb. Whilst 
refining the models to the data, the fractional occupancies o f In and Sb were allowed to 
vary in the different sites and their thermal parameters were closely observed. In this 
way, it was possible to determine that In and Sb were fully ordered in the a-b plane.
The best fit to the data was obtained for the orthorhombic space group Pmcb, with 
ordering o f In and Sb within each layer (Figure 5), The final refined model indicated that 
there was complete ordering o f In and Sb in the structure, with attempts at placing some 
In on the Sb site and vice-versa giving rise to zero occupancy after refinement. For the 
apical oxygen sites (0 2 , 0 3 ) , the thermal displacement parameters were initially quite 
high. Anisotropic refinement o f these thermal parameters showed large displacements 
along the x-axis and so these oxygens were allowed to move off-site in this direction, 
creating split sites for these positions. This resulted in improved R factors and
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significantly reduced thermal parameters for these oxygen atoms. The final, refined 
structural data are given in Table 3 with selected bond distances in Table 4 . The neutron 
profile fits are shown in Figure 6.
I n O
o SbOf
Figure 5: Structural m odel for Sr2 Ino.5 Sbo.5 O 4  sh ow ing the ordering o f  In and Sb
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Table 3: Refined structural data for Sr2Ino.5Sbo.5O4
Atom Site X y z Ui(xlOO)ZA^ Site occ.
Sri 4g 0 0.0098(4) 0.3516(2) * 1
Sr2 4h 0.5 0.4834(4) 0.3552(1) * 1
Sb 2 a 0 0 0 0.38(5) 1
In 2 b 0.5 0.5 0 0 .2 2 (6 ) 1
0 1 Si 0.2360(4) 0.2442(5) 0.0130(1) * 1
0 2 81 0.0249(9) -0.0392(7) 0.1672(2) * 0.5
0 3 81 0.4687(9) 0.5397(6) 0.1584(2) * 0.5
Pmcb, a =  5.7593(1 )A, b =  5.11^10(1 )A, c =  12.543(1)À . f  = 3.371, Rwp =  0.0191,
Rp = 0.0313
^Anisotropic thermal parameters
Atom Uii(xlOO)/A^
U22(X100)
/Â 2
U33(XlOO)
/A^
U i2( x l 0 0 )
/A"
U i3(xlOO)/
A"
U 23(X100)
/A^
SiT 2.07(9) 0.51(8) 1 .2 0 (6 ) 0 0 0.05(8)
Sr2 0.83(7) 1.41(8) 0.00(4) 0 0 -0.14(7)
0 1 0.59(5) 1.52(6) 2.51(5) -0.42(4) 0.09(7) -0.90(9)
0 2 0.4(3) 0.4(1) 0.70(7) -0.23(8) 0 . 1( 1) -0.07(7)
0 3 1.5(3) 1.7(1) 0 .0 1 (6 ) -0.3(1) -0.70(9) -0.46(8)
Table 4 : Selected bond distances for Sr2Ino.5Sbo.5O4
Bond Bond distance (A)
I n - 0 1 2.126(2) (x4)
I n - 0 2 2.008(3) (x2)
S b - O l 1.965(2) (x4)
S b - 0 3 2.114(3) (x2)
Sri - 0 1 2.662(3) (x2), 2.821(3) (x2)
Sri - 0 2 2.335(3), 2.619(4), 3.182(4)
Sri - 0 3 2.708(5), 3.068(5)
Si-2 - 0 1 2.705(3) (x2), 2 .821(3) (x2)
Sr2 - 0 2 2.754(5), 3.039(5)
Sr2 - 0 3 2.496(3), 2.574(4), 3.222(4)
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Figure 6 : Observed, calculated and difference neutron diffraction profiles for refinement 
of Sr2Ino.5Sbo.5O4 with Pmcb symmetry
In order to confirm that there was no ordering in Ba2Ino.5Sbo.5O4, the ordered 
V2 a X V2 b X c structural model used for Sr2Ino.5Sbo.5O4 was also examined for this 
sample, although this refinement proved unstable. Therefore, since a good fit to the data 
had been achieved for space group I4 /mmm (Table 1), and there were no extra peaks 
observed for this sample, it was concluded that the initial model, with a random 
distribution o f In and Sb, was valid.
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4.1.5 Structural Determination of Ba2Ino.5Bio.5O4
As for Ba2I1io.5Sbo.5O4, Ba2Ino.5Bio.5O4 was found to conform to I4/mmm  
symmetry and Rietveld refinement using this space group gave a good fit to the data 
showing no indication o f In/Bi ordering. Refined structural parameters for this material 
are given in Table 5, along with selected bond distances in Table 6  and neutron profiles 
in Figure 7.
Table 5: Refined structural data for Ba2Ino.5Sbo.5O4
Atom Site X y z U i (xlOO) /A ^ Site occ.
Ba 4e 0 0 0.35406(7) 1.37(2) 1
In 2a 0 0 0 0.94(2) 0.5
Bi 2a 0 0 0 0.94(2) 0.5
0 1 4c 0 0 .5 0 -t 1
0 2 4e 0 0 0.15946(6) * 1
‘‘Wp xvp
* Anisotropic thermal parameters
Atom Uii(xlOO)/A"
U22(X100)
/A '
U 33(X1 0 0 )
/Â^
U i2(xlOO)/
A '
U ,3(xlOO)
/A^
Ü23(X100)
/À '
0 1 1.72(4) 1.10(4) 2.32(5) 0 0 0
0 2 2.15(3) 2.15(3) 1.56(6) 0 0 0
Table 6: Selected bond distances for Ba2Ino.5Bio.5O4
Bond Bond distance (A)
In/B i- 0 1 2.12228(0) (x4)
In/Bi- 0 2 2 .1250(8) (x2)
B a - O l 2.8787(6) (x4)
B a - 0 2 2.593(1) (x l )
B a - 0 2 3.00676(7) (x4)
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Figure 7; Observed, calculated and difference neutron diffraction profiles for refinement 
o f Ba2Ino.5Bio.5O4
4.2 Hydration Characteristics of A2M*“o.5M' \ .5 0 4
4.2.1 Hydration of Ba2 Ino.5 Sbo.5 O4
As previously mentioned, the Ba2Ino.5Sbo.5O4 phase takes up water when exposed  
to the atmosphere for a short length o f time. Initial attempts to assign a structural model 
to this hydrated phase were unsuccessful and so further work is required to investigate its 
structure. However, in order to confirm the presence o f water in this sample, infrared 
spectroscopy was used. In addition, in an attempt to determine the extent o f this 
hydration, thermogravimetric analysis was performed.
4.2.1.1 Infrared Spectroscopy
Several sam ples o f Ba2Ino.5Sbo.5O4 were analysed by infrared spectroscopy in the 
solid state as K Br disks. In order to provide a background against w hich the sam ples 
could be analysed, a disk o f dried K Br was used. Each sam ple o f Ba2Ino.5Sbo.5O4 was
ground in a 1:100 ratio with dried KBr and pressed into a disk prior to analysis. An 
example spectrum is shown in Figure 8 .
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Figure 8 : Infrared spectrum o f Ba2Ino.5Sbo.5O4 .xH2O
The broad peak at ~ 3500cm'^ corresponds to an O— H stretch, indicating the 
presence o f water in the sample. Upon subsequent analyses, the relative intensity o f this 
peak was found to vary slightly from sample to sample, suggesting that the extent of  
hydration o f Ba2Ino.5Sbo.5O4 may vary.
4.2.1.2 Thermogravimetric Analysis
After the presence o f water had been confirmed in this sample by infraied 
spectroscopy, TG A was used to determine approximate quantity o f water present. The 
samples were subjected to the same conditions before analysis as those used prior to the 
IR analysis. For each analysis, a small quantity o f  Ba2Ino.5Sbo.5O4 (~ 0 .03g) was placed in 
a platinum pan and heated in air at a rate o f  5°C/minute, up to 1300°C, whilst the mass of  
the sample was recorded. A s proposed from the infrared results, each thermogravimetric
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analysis suggested a slightly different composition. In each case, the heating resulted in a 
two stage m ass-loss, such as that shown in Figure 9.
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Figure 9: Thermogravimetric trace o f Ba2Ino.5Sbo.5O4.xH2O
Assuming the composition o f the sample after the second mass loss is 
Ba2Ino.5Sbo.5O4, and the first mass loss is due entirely to water, the first mass loss from 
Figure 9 corresponds to a loss of 1.41 H2O. It is uncertain, however, whether the second 
mass loss can be considered to be solely due to water loss as it occurs at such a high 
temperature and so further analysis is required. A  similar mass loss has been observed for 
the hydrated forms of the perovskite-related material Ba4Ca2Nb20n.^^ These phases also 
were shown to lose water in two stages; the first between 450 - 500°C, and the second at 
~ 800°C. If the second mass loss in Ba2Ino.5Sbo.5O4.xH2O is due to water, this would 
correspond to a further loss of 0.55 H2O. This would indicate an original composition of 
Ba2Ino.5Sbo.5O4.1.95H2O and, as the water would be likely to be present as OH ions, a 
more appropriate way of viewing the stoichiometry is Ba2lno.5Sbo.502.os(OH)3.9 giving a 
total anion content of 5.95. This would then suggest nearly complete occupancy of the 
interstitial sites in the structure. From further theiTnogravimetric analyses, the water
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content was found to range between 1.71 and I.9 5 H2O (assuming that all mass loss is due 
to water).
4.2.2 Hydration of Sr2 Ino.5 Sbo.sO4
After discovering the hygroscopic properties of Ba2Ino.5Sbo.5O4, tests were 
performed to investigate Sr2Ino.5Sbo.5O4 in this respect. However, these studies indicated 
that this was not the case, with the materials showing no uptake o f water, even after being 
exposed to air for several weeks.
4.2.3 Hydration of Ba2 Ino.5 Bio.5 O4
After discovering that the ability o f Ba2Ino.5Sbo.5O4 and Sr2Ino.5Sbo.5O4 to 
incorporate interstitial anions depended on the cation size ratio, it was speculated that the 
replacement o f Sb in Ba2Ino.5Sbo.5O4 by the larger Bi would make Ba2Ino.5Bio.5O4 even 
better suited to interstitial anion incoiporation than Ba2Ino.5Sbo.5O4.
Upon the exposure o f a sample of Ba2Ino.5Bio.5O4 to the air for 1 hour, X-ray 
diffraction showed that, as for Ba2Ino.5Sbo.5O4 sample, significant structural changes had 
occurred in the sample. The most pronounced changes in the diffraction pattern were a 
shift in the (002) peak to a lower angle, along with a decrease in intensity of the peaks 
associated with the c-paiameter (1 96 0) (Figure 10). This indicates an expansion along c 
and a reduction in the long range order along the c-direction in this system upon 
hydration. The (002) peak moves to 10.31°, corresponding to a dooz-spacing o f 8.58Â  and 
hence a c-axis of 17.16Â. After exposure to air for 6  hours, additional peaks appeared in 
the diffraction pattern corresponding to BaCOs, suggesting a slight degradation of the 
sample.
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Figure 10: X R D  pattern o f Ba2I1io.5Bio.5O4 left in air for 1 hour
50.0 60.0
Thermogravimetric analysis o f Ba2Ino.5Bio.5O4.xH2O was performed, using a 
heating rate of 5°C/min up to 1100°C. A s for Ba2Ino.5Sbo.5O4.xH2O, Ba2Ino.5Bio.5O4.xH2O 
showed a 2-stage mass loss, although in this case, the initial mass-loss was much smaller 
and occurred over a wide temperature range. The second mass-loss, however, was larger 
and occurred at a similar temperature to that observed for Ba2Ino.5Sbo.5O4.xH2O. This is 
shown in Figure 11 below.
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Figure 11: TGA o f  Ba2Ino.5Bio.5O4.xH2O
From the TGA graph shown in Figure 11, if  the mass loss is due to water alone, 
an original com position o f Ba2Ïno.5Bio.5 0 4 .2 .4 8 H2 0  can be calculated, which coiTelates to 
Ba2lno.5Bio.5 0 i.52(OH)4.94 if  the water is present as OH ions. However, it is possible that 
this mass loss may be due to CO2, from the presence o f BaCOs in the sample, and further 
work is required to investigate this.
Fluorination of Ba2Ino.5Bio.5O4 has not yet been attempted, although from the 
similar hydration characteristics exhibited by the Sb analogue, Ba2Ino.5Sbo.5O4, it is 
expected that fluorination will be favourable in this material and work is planned to 
investigate this.
4.3 Fluorination of A2M“ o^.5M’'^ o.s0 4iV
4.3.1 Fluorination of Ba2lno.5Sbo,s0 4
Due to the ready ability Ba2Ino.5Sbo.5O4 shows to incorporate water, it was 
proposed that the fluorination of this oxide should be attempted. Initial attempts at 
fluorinating Ba2Ino.5Sbo.5O4 revealed that two fiuorinating agents were successful for this
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purpose, Poly (vinylidene-fliioride), (PVDF) and NH4F. From the results obtained from 
these fluorinations, PVDF appeared to be m ost effective in producing phases containing 
high proportions o f  F, whereas NH 4F appeared to be better suited to producing phases 
with lower quantities o f  F.
4.3.1.1 Experimental
Ba2Ino.5Sbo.5O4 was ground with powdered PVDF in the correct ratios to produce 
Ba2lno.5Sbo.5 0 4 -(x/2)Fx, where x =  1.0, 2 .0 , 3.0 and 4.0 (i.e. a molar ratio of 
Ba2Ino.5Sbo.5O4 : (CH2CF2)n o f  2:1, 1:1, 2:3 and 1:2 respectively). In subsequent 
discussion, these four phases have been labelled “F I”, “F2”, “F3” and “F4” respectively. 
These mixtures were then heated at 325°C, for 16 hours, before being reground and 
reheated under the same conditions.
Fluorination was also attempted with NH4F using the ratios o f
Ba2Ino.5Sbo.5O4 : NH4F o f 1:1, 1:2, 1:3 and 1:4. As before, in subsequent discussion, these 
are labeled “F I”, “F2”, “F3” and “F4” respectively. The powdered mixtures were ground 
using a pestle and mortar, and heated at 250°C  for 16 hours, follow ed by regrinding and 
reheating at 260°C and then at 270°C  for 16 hour periods.
X-ray diffraction o f these samples showed that, upon fluorination, pronounced 
changes had occurred to the parent oxide. X RD patterns o f the fluorinated samples are 
shown in Figure 12.
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Figure 12: X-ray diffraction patterns for Ba2lno.5Sbo,504  and its fliiorinated phases
The fluorinated phases o f highest quality (“F I” and “F4”) were structurally 
analysed by neutron diffraction using the POLARIS instrument at the Rutherford 
Appleton Laboratory. Rietveld refinement o f the data gave som e interesting results for 
both the FI and F4 phases.
4.3.1.2 Structural Determination of the “FI” phase
Initial attempts to refine a m odel to the “F I ” phase using the I4/mmm space group 
resulted in a poor fit, with a number o f  unfitted peaks. These unfitted peaks indicated that
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this material might have an ordered structure, such as that observed by Aikens et al}^  for 
LaSrMnOaF, which was achieved by the staged fluorination o f LaSrMn04 via fluorine 
insertion. A more relevant comparison to Ba2Ino.5Sbo.5O4, however, is the oxide fluoride 
synthesized by Slater and Cover"", Sr2Ti03p2. This also conforms to P4/nmm symmetry, 
although the fluorination o f  Sr2Ti04 proceeds via both fluorine insertion and substitution 
as is expected with Ba2Ino.5Sbo.5O4. The structure o f Sr2Ti03p2 is shown in Figure 13.
O/F
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interstitial laver
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Figure 13: Structure o f  Sr2Ti03p2 with P4/nmm symmetry
Upon Rietveld refinement o f the “F I” phase using this space group, a much better 
fit was achieved, suggesting a similar ordering in this material. However, some o f the 
peaks in the diffraction pattern remained unfitted. Upon closer inspection o f these 
unfitted peaks, it was discovered that there were two impurity phases present in the 
sample, BaF? and som e unreacted starting material, Ba2Ino.5Sbo.5O4. It was also 
discovered that, as for the parent oxide, this “F I” phase contained water and so difference 
Fourier-maps were used to try to determine the positions of these extra hydrogens and
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oxygens. During the final refinement, the fractional occupancy of H was constrained to be half that of (0/F)3. The structural parameters for this phase are given in Table 7, along with selected bond distances in Table 8. Neutron profiles are shown in Figure 14 and the refined structure is shown in Figure 15.
Table 7: Structural Parameters for Ba2Ino.5Sbo.5OxFy.zH2O
Atom Site X y z Ui (xlOO)/À" Site occ.Bal 2c 0.75 0.75 0.1250(5) * IBa2 2c 0.75 0.75 0.4029(3) 1.12(8) 1In 2c 0.25 0.25 0.2772(3) 0.66(5) 0.5Sb 2c 0.25 0.25 0.2772(3) 0.66(5) 0.5
0 4f 0.25 0.75 0.2713(3) » 1(0/F)l 8j 0.280(2) 0.280(2) 0.147(1) * 0.25(1)(0/F)2 8j 0.284(1) 0.284(1) 0.4133(3) 0.41(1) 0.247(7)(0/F)3 2a 0.25 0.75 0 2.2(2) 0.61(2)H 4d 0.5 0.5 0 13(2) 0.30(1)
* Anisotropic thermal parameters
Atom Uii(xlOO)/Â' U22(xl00)/A^ U 33(X100)IA~ Ui2(xl00)/A' Ui3(xl00)/A" U23(xl00)/A"Bal 1.7(2) 1.7(2) 2.9(3) 0 0 0
01 1.7(1) 0.92(9) 3.5(2) 0 0 0(0/F)l 6.0(6) 6.0(6) 8.1(9) -4.2(9) 3.4(6) 3.4(6)
Table 8: Selected Bond Distances for Ba2Ino.5Sbo.5OxFy.zH2O
Bond Length (A)(0/F)3 - H 1.46941 (4)x4In/Sb - (0/F)l 1.9180(l)xlIn/Sb - (0/F)2 2.0008(l)xlIn/Sb - 0 2.07988(6)x4Ba2 - (0/F)2 2.6982(2)xl, 2.94618(9)x4Bal - (0/F)3 2.7686(l)x4Bal - (0/F)l 2.9585 l(9)x4Ba2-0 2.8330(l)x4Bal -O 2.9833(l)x4
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Figure 14: Observed, calculated and difference neutron diffraction profiles for 
Ba2lno.5Sbo.5 0 xFy-zH2 0 . Red tick-marks: Bap2 (phase fraction: 0.0043), Blue tick-marks:, 
Ba2Ino.5Sbo.5O4 (phase fraction: 0 .1126)
The structural studies showed that the reaction o f Ba2Ino.5Sbo.5O4 with INH4F  
resulted in significant structural changes. Upon incorporation o f F and H2O into the 
structure, the interstitial positions in the structure are filled in a staged fashion, with 
alternate layers being full and empty, resulting in a change o f symmetry to P4/nmm. The 
a-axis o f  this phase decreases very slighty (~ 0 .2 %), while a large expansion along the c- 
axis (~ 10%) is observed. The refined model for this phase suggests a stoichiometry of 
Ba2lno 5Sbo 5O 3 7 ,Fo 58 0 .31H2O or, assuming the water is present as OH anions, 
Ba2lno.5Sbo.5 0 3 .4oFo.58(OH)o.6i. From Table 7, it can be seen that the presence of 
interstitial ions in this layered material leads to a shift in the positions o f  the apical, 
(0 /F ) l  ions, which is reflected in the high thermal displacement parameter for this site. 
This observation is consistent with the thermal displacement parameter for the other 
apical site (0 /F )2 , adjacent to the empty layer o f  interstitial sites, being comparatively 
low.
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Figure 15: Structure o f Ba2Ino.5Sbo.5OxFy.zH2O
4.3.1.3 Hydration of the “FI” Phase
4.3.1.3.1 Infrared Spectroscopy
In order to confirm the presence o f water in this fluorinated phase, infrared 
spectroscopy was used. This showed a broad peak at ~ 3500cm’’ (Figure 16), consistent 
with an O— H stretch, confirming the presence of water in the sample. The incorporation 
of water is not surprising, as fluorination using NH4F results in water being formed 
during the process (equation 1 ), which could then be incorporated into the structure.
A2MO4 + NH4F A2MO3 5F + */2H20 + NH3 (Equation 1)
Similar hydration was observed by Slater and Cover"" on fluorination of Ba2Zr04.
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Figure 16: Infrared spectrum o f BaoIuo.sSbosOxFy ZH2O
4.3.1.3.2 Thermogravimetric Analysis
As IR had qualitatively confirmed the presence o f water in this material, TGA  
was then used in an effort to quantify the level o f water incorporation and correlate with 
the quantity found via Rietveld refinement. The results o f the thermal analysis are shown 
in Figure 17.
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Figure 17: TG A o f  Ba2Ino.5Sbo.5OxFy.zH2O
The weight loss shown in Figure 17 suggests a water content o f  0.30 H2O, in 
agreement with the amount found from Rietveld refinement.
4.3.1.3 Structural Determination of the “F4” Phase
In contrast to the relatively com plex structure observed for the “F I” phase, the 
structure o f the “F4” phase was found to he comparatively simple, retaining the I4/mmm  
symmetry o f the parent oxide, Ba2Ino.5Sho.5O4 . A s for the “F I” sample, the impurities 
BaF2 and Ba2Ino.5Sho.5O4 were present. In the initial refinement, occupancy o f the 
interstitial sites by O/F was introduced and the fractional occupancies were allowed to 
vary. The results showed that all positions were fully occupied, suggesting a 
stoichiometry o f Ba2lno.5Sho.5 0 2 F4 . The com plete occupancy o f  the interstitial sites 
causes local distortion in the structure, forcing apical fluorines and equatorial oxygens to 
m ove o ff the ideal site, resulting in both tilting and twisting o f the octahedra, as shown in 
Figure 18. Refined structural parameters for this phase are given in Table 9, along with 
selected bond distances in Table 10. Neutron profiles are given in Figure 19. In line with 
Madelung site potentials and defect calculations o f  the related system, S i2Cu0 2 F2+s,^ ’^^  ^it 
has been assumed that F occupies the apical and interstitial positions with O in the
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equatorial position. Future modelling work on this system would be of considerable interest.
In/Sb
Figure 18: Structure of Ba2luo sSbo5O2F4
Table 9: Refined structural data for Ba2lno,5Sbo.502F4
Name Site X y z UI (xlOO)/À" Site occ.Ba 4e 0 0 0.34800(19) * 1In 2a 0 0 0 * 0.5Sb 2a 0 0 0 * 0.5
0 16n 0.035(8) 0.5 0.0126(6) * 0.25FI 16n 0.0540(26) 0 0.11658(27) * 0.25F2 4d 0 0.5 0.25 * 1I4/mmm, a = 4.0836(1) A, c = 16.8645(9) A. t  = 5.817, Rwp = 0.0263, Rp = 0.0495
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* An isotropic thermal parameters
Name Uii(xlOO)/À'
U 22(xlOO)
/À '
U 33(X 1 0 0 )
/Â -
U i2(xlOO)
/Â '
U i3(xlOO)
/Â “
U23(X100)
/Â"
Ba 1.29(7) 1.29(7) 2.19(15) 0 0 0
In 1.37(10) 1.37(10) 0.71(19) 0 0 0
Sb 1.37(10) 1.37(10) 0 .71(19) 0 0 0
O 3.9(11) 0.76(12) 3.3(6) 0 - 1 .6 (8 ) 0
FI 2.58(49) 1.05(29) 1.45(13) 0 -1.7(2) 0
F2 0.98(6) 0 .98(6) 2.59(18) 0 0 0
Table 10: Selected Bond Distances for Ba2lno.5Sbo.5 0 2 F4
Bond Bond Distance (A)
I n /S b -F l 1.9784(1) (x2)
In/Sb -  O 2.05792(5) (x4)
B a - F 2 2.62682(7) (x4)
B a - F l 2.95295(8) (x4)
B a - O 3.28188(1) (x4)
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Figure 19: Observed, calculated and difference neutron diffraction profiles for 
Ba2lno$Sbo5 0 2 F4. Red tick-marks: BaF2 (phase fraction: 0.05), Blue tick-marks: 
Ba2lno.5Sbo,504  (phase fraction: 0.06)
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From the data shown in Table 9, it can be seen that the incorporation o f fluorine 
in this case causes a small reduction along the a,b axes ( -  2 %) along with a vei-y large 
expansion along the c-axis (~ 27%). Exposure o f this sample to air resulted in no change 
in the diffraction pattern suggesting no uptake o f  water. This is not suiprising, as all the 
interstitial positions are fully occupied in this material.
4.3.2 Fluorination of Sr2 Ino.sSbo.5 O4
As well as dictating whether B-site ordering occurs in the Ba2-xSrxIno.5Sbo.5O4 
series, this research also indicates that the size o f the A-cation affects the ability of these 
materials to incorporate interstitial anions. When the fluorination of Si2Ino.5Sbo.5O4 was 
attempted, using the same conditions used for the fluorination of Ba2Ino.5Sbo.5O4, no 
change was observed in the sample. At higher temperatures, the sample would 
decompose, producing SrF2. Therefore, it has not proved possible so far to fluorinate 
Sr2Ino.5Sbo.5O4.
This lack o f incorporation o f interstitial anions into this material may be explained 
by the lattice mismatch in this material. The replacement o f Ba by the smaller Sr puts the 
rock salt layers under strain, resulting in the observed tilting o f the octahedra (Figure 5) 
to alleviate this strain. This might make the incoiporation o f anions into the already 
strained rock salt layers unviable.
4.3.3 F-Analysis
In an attempt to determine the fluorine content o f these oxide fluoride phases, 
potentiometry was used. This involved the analysis o f aqueous solutions o f the oxide 
fluoride samples using a fluoride ion-selective electrode.
The electrode was calibrated using solutions o f high purity NaF, o f known 
concentration. Samples were dried and dissolved in 3M  HCl before being made up to 
50 cm^ with water and Total Ionisation Strength Adjustment Buffer (TISAB). The water 
used for these experiments was doubly distilled before being de-ionised. In order to keep 
both the matrix, and the fluoride ionic strength consistent between both calibration 
standards and sample solutions, an equal volum e o f TISAB solution was added to each 
solution. The TISAB was prepared in the follow ing way: 57 cm^ o f  glacial acetic acid
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was slow ly added to 500 cm^ o f  water. 58g o f sodium chloride was then added to this 
acidic solution, with stirring, until the solution was clear. 4g o f CDTA (trans-1,2- 
diam inocyclohexane-N,N,N',N'-tetraacetic acid) was then stirred into the solution. A 5M  
sodium hydroxide solution was then prepared and added slow ly until the pH reached 
5.25. The solution was then transferred to a 1 litre volumetric flask and made up to the 
mark with water.
All containers used in the F analysis experiments were polyethylene rather than 
glass, to prevent loss o f F by reaction with the glass.
The potential o f a ‘blank’ (water with TISAB) was recorded in order to provide a 
background against which the standards and samples could be measured. Seven NaF 
calibration standards were then measured in order o f increasing concentration. The results 
obtained are shown in Table 11 and Figure 20.
Table 11: Calibration o f fluoride-selective electrode
Standard F
C oncentration
(ppm )
log  
(F Cone.)
Sam ple
C onductance
(m V)
Sam ple C onductance- 
B lank C onductance  
(m V)
Blank 0 -229.2
1 0.25 -0.6021 -293.6 -64.4
2 0.375 -0.426 -303.7 -74.5
3 0.5 -0.301 -310.5 -81.3
4 0.625 -0.2041 -315.8 -8 6 .6
5 1.25 0.0969 -333.2 -104
6 50 1.699 -426.5 -197.3
7 300 2.4771 -472 -242.8
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Figure 20: Calibration curve for determination o f  F
In order to make sure the calibration was accurate, several fluorine-containing 
materials o f known stoichiometry were analysed. Unfortunately, analysis o f CaFi, SrFa 
and BaFa gave readings that were both low  and inconsistent. The same procedure was 
then attempted using NaF, which resulted in much better and more precise readings, 
verifying the accuracy o f the calibration.
The “F I” and “F4” samples were then tested in the same way, but unfortunately, 
the same problems were encountered as had been observed with the alkaline earth 
fluorides samples. It was thought that these inconsistent results were due to solubility 
problems and in order to confirm this, the samples were diluted to half o f their original 
concentration and re-analysed. If there was no solubility problem, the results we obtained 
from this should have been exactly half. However, the results o f these diluted samples 
gave higher readings, confirming the speculation o f  solubility problems. Unfortunately, 
the readings were still not consistent with the expected results, suggesting that the 
samples were still not fully dissolved.
In an attempt to overcom e this problem, it was decided to dilute the samples 
further, until consistent readings were achieved. This resulted in improved results, but 
consistent readings between samples and standards were still not achieved.
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As a result o f these difficulties, a second approach was employed. This used a 
larger volume o f a stronger acid (6 M  HCl) to dissolve the samples. Because o f this 
increase in acid strength, in order to maintain the pH within the correct range (5 - 5 .5), 
NaOH was added to each sample whilst the pH o f  the solution was monitored using a pH 
probe. This approach, com bined with the dilution mentioned eaiiier, improved the results 
but still did not give correct values for the Cap2/SrF2/BaF2 standards.
In a further attempt to improve the accuracy and precision o f the fluorine analysis, 
it was decided to investigate the method o f ‘Standard Addition’. In this method, after the 
potential o f each sample solution was recorded, a set volume o f  a solution, o f  known F" 
concentration, was added and the solution stirred as usual. The potential o f  this new  
solution was then recorded, and the process would then be repeated. After several 
repetitions, the potentials recorded were plotted on a graph and a straight line o f data 
points would be obtained. A  ‘line o f  best fit’ would be drawn through these data points, 
and the point at which this line intercepted the x -  axis would be related to the 
concentration o f F in the sample. This method, however, also gave problems and so 
further attempts at fluorine analysis were ceased.
4.4 Discussion
The synthesis and structural characterisation o f the new K2NiF4-type compounds 
A 2M0.5IVF0.5O4 (A  = Ba, Sr; M  -  In; M ' =  Sb, B i) have been shown. The structural studies 
have demonstrated that the relative sizes o f  the A  and M cations have a key influence on 
the ordering o f M within the structure. However, attempts to prepare Sr2Ino.5Bio.5O4 were 
unsuccessful, although this can be explained by the low  tolerance factor (0 .8 8 ) calculated 
for this phase.
In Ba2Ino.5Sbo.5O4 and Ba2Ino.5Bio.5O4, the results show no evidence for any long- 
range ordering of M in the octahedral sites, although it is possible that some short-range 
ordering may exist. In addition, the bond distances (Tables 2 and 6) show that the 
(M"^/M'^)-06 octahedra are regular. In the case of Sr2Ino.5Sbo.5O4, however, long-range 
ordering o f In and Sb occurs, leading to alternating In and Sb within the layers. This 
ordering results in an expanded (V2a x V2b x c) cell, with a small orthorhombic 
distortion. This also leads to significant tilting o f the octahedra (Figure 5), which can be
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explained from calculations of the tolerance factors for Ba2Ino.5Sbo.5O4, Sr2Ino.5Sbo.5O4 
and Ba2Ino.5Bio.5O4. For Ba2Ino.5Sbo.5O4 and Ba2Ino.5Bio.5O4, tolerance factors of 0.97 and
0.94 aie obtained respectively, consistent with the nearly ideaf ^  K2N1F4 structure 
observed. In contrast, the tolerance factor for Sr2Ino.5Sbo.5O4 is significantly lower (0.91), 
which is consistent with a need for tilting o f the octahedra to alleviate structural strain. In 
addition to such tilting, the octahedra are non-regular with significant differences 
between apical and equatorial bond lengths (Table 4). The smaller size of Sb^ versus In"^  
causes the equatorial oxygens (O l) to move closer to the Sb, leading to the four 
equatorial bonds for the SbOg octahedra being significantly shorter than those for the 
InOe octahedra (1.965 versus 2.126Â ). In contrast, the apical bond lengths are shorter for 
the InOe octahedra (2.008 versus 2 .1 14Â). Overall therefore, the SbOg octahedra have 
four short equatorial bond lengths and two long axial bond lengths, while for the InOe 
octahedra the situation is reversed. In terms of the average bond distances, the value for 
the SbÜ6 octahedra is smaller than that for the InOô octahedra, as expected from ionic 
radii considerations. Bond valence sum calculations gave values of 5.02 and 3.69 for Sb 
and In respectively, consistent with Sb^  ^ and In^ .^ The slightly high value for In is 
probably related to structural strain due to the large size of In. Similar high bond valence 
sums have been observed in ordered perovskites where one o f the cations in the 
octahedral site is lai'ge, e.g. BaMo.25Cuo.750 3 -x (M=Ca, Y ) In addition, a similar bond 
valence sum is observed for one o f the In sites in the related brownmillerite phase 
SrzInzO;.^"
In addition to the influence of the size of the A-cation on the In/Sb ordering in 
Ba2-xSixIno.5Sbo.5O4, evidence suggests that this also influences the ability of these 
materials to incorporate anions within the rock salt layers. This is reflected in both the 
success in fluorination, and hydration, of Ba2Ino.5Sbo.5O4 and the failure of these 
processes in Si2Ino.5Sbo.5O4. These results indicate that the fluorination of Ba2Ino.5Bio.5O4 
should prove to be effective.
In conclusion, Ba2Ino.5Sbo.5O4, Sr2Ino.5Sbo.5O4 and Ba2Ino.5Bio.5O4 are some o f the 
first exam ples o f K2N 1F4 oxides o f general foim ula A 2M ” o.5M ' \ 5 0 4  with both 3+ and 54- 
cations in the octahedral sites. Fluorination and hydration studies have produced the
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novel oxide fluoride-hydrate BailnosSbogOsjiFogg O.SlHoO, along with the new oxide 
fluoride Ba2Ïno.sSbo.5 0 2 F4 with fully occupied interstitial sites.
The successful synthesis o f the novel materials presented here suggests that 
further studies in this area are worthwhile. Studies are planned to synthesise more novel 
m ixed M -site oxides using different combinations o f A  and M cations. In this respect, it 
has been recently shown that BaglnBiO? can be prepared.^^ Structural studies w ill be used 
to exam ine any long-range ordering and experiments will be carried out to investigate 
their ability to incorporate interstitial anions within the structure.
In addition to the IR and TG studies o f the hydrated materials discussed earlier, 
solid-state ^H-NMR and *^F-NMR may be o f  use, as additional methods o f  examination, 
to support the results produced here and to give an indication o f the number o f different 
H and F environments in these materials. In addition, in order to gain more conclusive 
results on the com position o f the hydrated phases, further investigation is required, to 
determine what decomposition products are being given o ff during particular stages o f  
the thermal analysis. This may be achieved by coupling the thermogravimetric analyser 
to an infrared spectrometer.
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5.1 Introduction
Since the discovery of high-temperature superconductivity in Sr^CuO^Fi+s, * a 
great deal of interest has been shown in related alkaline earth copper oxide fluorides/'"^ 
This research has focussed on both cation doping on the A-site, in order to increase the Tc 
of these materials, and the synthesis conditions employed to produce these oxide 
fluorides. The synthesis of these materials has proved particularly troublesome as they 
are not stable at high temperatures. Therefore, as mentioned in chapter 1, the synthesis is 
often carried out in two stages; the production of an oxide precursor, followed by low 
temperature fluorination of this oxide.
CaiCuO^F] is known to be non-superconducting and displays the T-structure^ 
(Nd2Cu04 - type) as shown in Figure 1, whereas Sr2Cu02F2+5, as mentioned above, is 
superconducting at 4 6 K* and displays the T-structure (La2Cu04 - type) as shown in 
Figure 2 .
Figure 1 : T'-structure (Nd2Cu04 structure) Figure 2 : T-structure (La2Cu04 structure)
In an attempt to determine what influences this crossover in structure type, and at 
what CarSr ratio it occurs, a joint structural and modelling investigation of the 
Ca2-xSrxCu02F2+5 (x = 0 -  2) range was undertaken.
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The synthesis and characterisation o f a range o f oxygen-deficient phases (A 2C11O3 
(A  = Ca, Sr)) with structures related to the K2N ip4 structure were performed. These 
materials were subsequently fluorinated, using polymer-based fluorinating agents, in an 
attempt to produce the com plete series, Ca2-xSrxCu0 2 F2+s (x = 0.0 -  2.0). The materials 
have been structurally characterised by the Rietveld refinement o f X-ray and neutron 
powder diffraction data. Computer m odelling techniques have also been employed in 
order to investigate the energetic factors affecting the structure type throughout this 
range.
5.2 Experimental Procedure and Results
A s previously explained, the oxide fluorides in the Ca2-xSrxCu0 2 F2+5 range cannot 
easily be prepared directly by the standard solid state method but, instead, require the low  
temperature fluorination o f  their oxide precursors, Ca2-xSrxCu0 3 . The initial part o f this 
investigation therefore required the synthesis o f these precursors, from which the oxide  
fluorides were later synthesised.
High purity CaC0 3 , S1CO3 and CuO were intimately ground in the correct ratio to 
produce Ca2-xSrxCu0 3  where x = 0.0, 0.25, 0.5, 0.75, 1.0, 1.25, 1.5, 1.75, and 2.0. This 
was achieved via an initial m ixing o f the reagents in a pestle and mortar, follow ed by a 
subsequent grinding in a ball mill for 45 minutes. These thoroughly ground mixtures 
were heated at temperatures between 950°C and 1050°C for 16 hours before being  
reground and reheated under the same conditions. These samples were structurally 
characterised using XRD, which showed the successful synthesis o f  all phases. As 
expected from cation size considerations, there is a shift in the peaks to lower angles with 
increasing Sr content (Figure 3), indicating an increase in unit cell size.
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Figure 3: X R D  patterns for Ca2-xSrxCu0 3
W ith the successful synthesis o f  the o f  the oxide precursors, attempts were then 
made to fluorinate these parent materials using PVDF. The Ca2-xSrxCu0 3  samples were 
intimately ground with PVDF, using a pestle and mortar, in the correct ratio to produce 
Ca2.xSixCu0 2 F2 (i.e. 1:1 ratio o f  Ca2-xSrxCu0 3  : CH2CF2 monomer unit). N ote that as 
PV D F is a non-oxidative fluorinating agent, it was expected that that the fully  
stoichiom etric Ca2-xSrxCu0 2 F2 system  would be produced with no interstitial F.
Initial fluorination attempts em ployed a reaction temperature o f  325°C , but 
show ed poor quality samples, with the strong presence o f  SrFi and CaF2 impurities. The 
more strontium the sam ples contained, the higher were these impurity levels. Therefore 
the synthesis was repeated, exam ining a range o f  fluorinating conditions in order to 
optim ise the synthesis. These further experiments included the use o f  low er temperatures
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(which resulted in a lack o f reaction altogether) and the addition of PVDF in increments. 
It was eventually found that most o f the parent compounds could be successfully  
fluorinated by initially using a lower temperature, 250°C for 24 hours, follow ed by a 
gradual increase in temperature up to 360°C over a prolonged period o f time, i.e. 
increments o f ~25°C every 24 hours. Unfortunately, the more strontium the samples 
contained, the more difficulty there was in fluorination using PVDF, such that the 
successful synthesis with this fluorinating agent was only achieved for x < 1.25. One 
possible explanation for the difficulty in synthesising Ca2-xSrxCu0 2 F2 with high Sr 
contents could be the production o f HaO on fluorination with PVDF, resulting in 
decomposition o f  the samples. This may occur due to a combination o f the hydrogen in 
PV D F with oxygen from either the sample or the atmosphere.
In an attempt to overcom e this problem, another fluorine containing polymer, 
poly-(tetrafluoroethene) (PTFE) was examined for use as a fluorinating agent, since this 
does not contain hydrogen, and so would not result in any H2O by-product. The three 
phases o f  Ca2-xSi'xCu0 3 , for which fluorination with PVDF had proved unsuccessful 
(x -  1.5, 1.75, 2 .0), were therefore ground with powdered PTFE (in the ratio 
Ca2-xSixCu0 3  : C2F4 monomer unit o f 2:1) and heated slow ly, with intermittent 
regrinding and X RD analysis. After initial experimentation with PTFE, it was discovered  
that, because o f  the differences in thermal stability between PVDF and PTFE (which  
have melting points o f 166°C and 342°C respectively), a higher reaction temperature was 
required for PTFE. Optimisation o f this method resulted in the heat treatments beginning 
at 325°C, with 25°C increments per 24 hours, up to a maximum temperature o f 420°C. 
This fluorination method allowed the successful fluorination o f the three remaining 
samples although, in the case o f Sr2Cu0 2 F2, there were still large S1F2 impurities. The 
XRD patterns recorded for these phases are shown below in Figure 4.
116
X = 2.02500 -
X = 1.75
X = 1.52000  -
x = 1.25
1500 - X = 1.0
X = 0.75
1000 -
X = 0.5
500 - X = 0.25
X = 0.0
20 (degrees)
Figure 4: X RD patterns for Ca2-xSixCu0 2 F2 ((Ca/Sr)F2 marked with *)
5.2.1 Structural Analysis of Ca2 .xSr%Cu0 2 F2  Samples
Neuti-on diffraction data w ere collected for 6  samples o f  Ca2-xSrxCu0 2 F2 in the 
range 0.0 ^ x < 1.25. Data for sam ples with higher Sr content were not collected, since at 
the time o f  data collection, only poor sam ples, fluorinated with PVDF, were available. 
Subsequently, X RD data were used for the structural refinement o f  the phases with higher
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Sr content ( 1 .5  < x 5  2.0) fluorinated with PTFE. The neutron diffraction data collected  
for the phases with 0.0 ^ x < 1.25 are shown in Figure 5 below, with the X-ray diffraction 
data for the phases with 1.5 S x ^ 2.0 shown in Figure 6 .
S '
S '
1.5 . 2 . 0
d-spacing (A)
X = 1.25
X = 0,0
1I
L J
Figure 5: Neutron diffraction plots for Ca2-xSi*xCu0 2 F2 ( 0 5 x ^ 1 .2 5 )
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Figure 6 : XRD plots for Ca2-xSixCu0 2 F2 (1.5 ^ x ^ 2.0)
From Figures 5 and 6  it can be seen that there is a general increase in cell volume, 
as indicated by the increase in d-spacing, and the lower angles, for each reflection. 
Rietveld refinement was performed for each o f  the phases in this range using the GSAS^® 
suite o f programs (0.0 x ^ 1.25 N D  data, 1.5 ^ x ^ 2.0 XRD data). The final refined 
structural parameters for each phase are given in Table 1 (0.0 x ^ 1.25) and Table 2 
(1.5 < X < 2.0). An example o f the fitted neutron diffraction data for one o f these phases 
(x = 0) is given in Figure 7, while the fitted X-ray diffraction data for x =  1.5 are given in 
Figure 8 .
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It was decided to refine the O and F atoms in the 4c and 4d sites respectively as 
Madelung energy* and atomistic calculations**^’*" had previously shown this arrangement 
to be the most favourable.
imuNHMiiiiitmiiin i mm i i t  iii i i iii i i i i ii i i i  t
, ■ I rd,.*-
I  I
0 .5 1.0 2 .5 3 ,01.5 2 .0
d-spacing (Â)
Figure 7: Observed, calculated and difference neutron diffraction profiles for CaiCuOiFi 
with I4/mmm symmetry. Red tick-marks: CaO, Blue tick-marks: CaF]
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Figure 8 : Observed, calculated and difference X-ray diffraction profiles for 
CaosSri 5CUO2F2. Red tick-marks: (Ca/Sr)p2, blue tick-marks: (Ca/Sr)C0 3 , yellow tick 
marks: Srp2
Prom Figures 7 and 8 , it is clear that there are small impurities present in these 
samples, which is common in such systems. In particular, for all samples small levels o f 
(Ca/Sr)p2 impurity were observed. The refined structural parameters (Tables 1 and 2) 
show a number o f interesting results. In particular, the expected crossover in structure 
type from T' to T does not occur. Instead however, it appears that the materials all 
conform to the T-structure. Moreover, there was no evidence for any extra interstitial 
anions, indicating a stoichiometric Ca2-xSrxCu0 2 p 2 composition across the whole range.
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Table 1: Atom positions and thermal parameters from Rietveld refinement o f neutron 
diffraction data collected for Ca^-xSi'xCuOiFz (0 <  x <  1.25). Standard deviations are 
shown in brackets.
X  =  0 . 0 X  = 0.25 x = 0.5 X  — 0.75 X  =  1 . 0 X  = 1.25
C a/S r(0 ,0 ,z)  
(4e)
z 0.36508(7) 0.3645(1) 0.36504(5) 0.36534(7) 0.36531(9) 0.36602(9)
Ui (xlOO)/A" 0.65(1) 0.57(2) 0.692(9) 0.73(1) 0.67(1) 0.71(2)
C u (0 ,0 ,0)  
(4a)
U i (x 100)/Â " 0.39(9) 0.36(2) 0.482(8) 0.49(1) 0.44(1) 0.47(1)
O (0,0.5, 0) 
(4c)
U i (x 100)/À" ![C 4: * * * *
Un(xlOO)/A' 0.84(2) 0.57(4) 0.89(2) 0.90(2) 0.89(3) 0.75(3)
U22(x 1 00)/A" 0.25(2) 0.39(4) 0.34(2) 0.24(2) 0.16(3) 0.08(3)
U33(X100)/À" 1.15(3) 1.11(5) 1.27(2) 1.37(3) 1.51(4) 1.65(5)
F ( 0 ,0.5,0.25) 
(4d)
U i (xlOO)/A" * * * * * $
U„(xIOO)/A" 0.89(2) 0.99(3) 1.31(2) 1.44(2) 1.52(3) 1.73(4)
U22(xlOO)/A" 0.89(2) 0.99(3) 1.31(2) 1.44(2) 1.52(3) 1.73(4)
U33(X1 0 0 )/A' 1.06(3) 1.31(6) 1.52(3) 1.59(4) 1.32(5) 1.34(5)
a (A) 3.85697(4) 3.87126(7) 3.88705(3) 3.90212(4) 3.91680(5) 3.93071(6)
c(A ) 11.8274(2) 11.9496(4) 12.0702(2) 12.1949(2) 12.3144(3) 12.4282(3)
R\vp 0.0170 0.0356 0.0177 0.0185 0.0225 0.0181
Rp 0.0327 0.0469 0.0320 0.0320 0.0364 0.0275
4.219 12.67 3.224 4.03 6.647 9.099
* Anisotropic thermal parameters
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Table 2: Atom positions and thermal parameters from Rietveld refinement o f X-ray 
diffraction data collected for Cag.xSrxCuOzFz (1.5 <  x <  2.0). Standard deviations are 
shown in brackets.
X = 1.5 X = 1.75 X = 2.0
C a/Sr (0 ,0 , z) (4e)
z 0.3670(2) 0.3666(2) 0.3662(3)
U i (x l00)/A " 0.54(9) 0.58(8) 0.4(1)
Cu (0, 0 ,0 )  (4a)
U i (xlOO)/A" 0.9(2) 1 .0 (2 ) 0.9(3)
O (0 ,0 .5 ,0 )  (4c)
U i (x 100)/À^ 0.2(5) 0.8(5) 4 U )
F (0 ,0 .5 ,0 .2 5 )  (4d)
U i ( x 1 0 0 )/A^ 0.7(4) 0.4(4) -0.5(7)
a (A) 3.9452(2) 3.9593(2) 3.9739(3)
c (A ) 12.549(1) 12.6733(9) 12.782(1)
R\vp 0.0770 0.0749 0.0749
Rn 0.0611 0.0588 0.0592
1.303 1 .21 1.232
Figures 9 and 10 show the unit cell parameter lengths as a function o f Sr content. 
From these data, it is evident that as calcium is replaced by strontium, the unit cell 
expands as expected, obeying Vegard’s law. Lines o f best fit drawn through the two data 
series give R  ^ values o f 0 .9998 and 0.9999 for a and c respectively. The excellent fit o f  
these data to a straight line is fully consistent with there being no change in structure type 
across the whole range.
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Figure 9: a-parameter o f Ca2-xSrxCu0 2 p 2 with increasing x
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Figure 10: c-parameter o f  Ca2-xSixCu0 2 F2 with increasing x
The consistency in structure type throughout the range is also reflected in Figures 
11-14, which show the variation in selected bond lengths across the Ca2-xSrxCu0 2 F2 
range.
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Figure 11: C u -0  bond lengths in the Ca2-xSi*xCu0 2 F2 series calculated from Rietveld  
refinement
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Figure 12: (Ca/Sr)-F bond lengths in the Ca2-xSrxCu0 2 F2 series calculated from Rietveld  
refinement
125
2.66
"S. 2.61
’B
o 2.56
'S 2.51
2.46
0.5
Figure 13: (C a/S r)-0  bond lengths in the Ca2-xSrxCu0 2 p 2 series calculated from Rietveld  
refinement
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Figure 14: C u-F  bond lengths in the Ca2-xSixCu0 2 F2 series calculated from Rietveld 
refinement
The observation o f the formation o f the T'-structure, on fluorination of 
Ca2-xSrxCu0 3  to give Ca2-xSrxCu0 2 F2, for the com plete range (0 .0  ^ x ^ 2 .0 ) o f  samples 
is very interesting. As previously mentioned, the structure o f Ca2-xSrxCu0 3  (Figure 15) is 
related to the K2N ip4 structure, with rows o f equatorial oxygen vacancies running 
through the structure.
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Figure 15: The structure o f Ca2-xSrxCu0 3  (space group: Immm)
As a result o f this oxygen deficiency, the system has one-dimensional CUO4 
chains, instead o f 2 dimensional layers o f CuOô octahedra. As can be seen from the 
results presented here, fluorination o f this system has a profound structural effect. The 
Ca2-xSrxCu0 3  samples are orthorhombic with cell dimensions b < a «  c (the assignment 
o f cell axes for Ca2-xSrxCu0 3  have been varied from those given by Lines et for ease 
o f comparison with those o f Ca2-xSrxCu0 2 F2). Upon fluorination, the a parameter 
undergoes a very small expansion, with the smaller b parameter undergoing a larger 
expansion, as the 1 dimensional CUO4 chains rearrange to form 2  dimensional CUO2 
layers. Even more interesting though, is the change in the c-parameter across the range 
(Figure 16). At the Ca-rich end o f this series, the c-axis undergoes a contraction upon 
fluorination. This is to be expected as the CUO4 chains are transformed into CUO2 layers. 
However, the extent o f this c-parameter reduction decreases across the range, such that 
for high Sr levels, a small expansion is observed on fluorination. In contrast, however, to 
previous work on the fluorination o f Sr2Cu0 3  with F2, to give Sr2Cu0 2 F2+s possessing the 
T-structure,* the c-axis expansion is much smaller (0.52% versus 5.91%). This is 
consistent with the formation o f Sr2Cu0 2 F2 without interstitial F in the present work and 
the observation o f the T'-structure rather than the T-structure.
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Figure 16: The change in the c parameter upon fluorination o f the Ca2-xSrxCu0 3  range 
(cell parameters for Cai xSrxCuO^ adapted from those o f Lines et al?^)
Previous work on the reduction o f Sr2Cu02p2+s, with the T-structure, by Kissick
et al}^ , showed a transformation to the T'-structure, as interstitial F was lost to give  
Sr2Cu02F2. The cell parameters calculated for Sr2Cu02F2 in the present study are very 
similar to those reported by Kissick et al?^ for their sample after post-synthesis reduction 
of Sr2Cu02F2+§. This is evident from Figure 17, which shows the c parameter for the Ca2- 
xSrxCu0 2 F2 range in the present study, along with the c parameter data for Sr2Cu0 2 F2+8  ^
and Sr2Cu0 2 F2 prepared by reduction.'®
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Figure 17: c -  parameter o f Cai-xSr^CuOiF] against x
Pink, square data point: c parameter recorded for SriCuOiFi+g with the T-structure' 
Red triangular data point: c parameter recorded for SriCuOiFi after post-synthesis
reduction o f SrzCuOiFi+g20
In summary, the work presented here shows that fluorination o f Ca2-xSrxCu0 3  
with FVDF/PTFE gives Ca2-xSrxCu0 2 F2 with the T'-structure across the complete range. 
This is the first time that a sample o f  Sr2Cu0 2 F2 with the T' (Nd2Cu0 4 ) structure has 
been made with no post-synthesis reduction required.
The work suggests that it is the presence o f interstitial F that stabilises the T- 
structure rather than the alkaline earth size as previously thought. Thus, since the 
fluorination o f Ca2-xSrxCu0 3  is non-oxidative, it results in Ca2-xSrxCu0 2 F2 samples 
without interstitial F and therefore the T'-structure is observed.
5.2.2 Analysis of Composition of Cai xSr^CuOiFz
Although Rietveld refinement suggested a stoichiometry o f Ca2-xSrxCu0 2 F2 with 
no interstitial F (Ô) present, the scattering factors o f O and F are very similar, making it 
possible for the stoichiometry to be slightly different to that expected, for example, 
Ca2-xSrxCu0 2 +yF2-y. For this reason, several analytical experiments were performed in 
order to confirm the stoichiometry. The first technique that was used, in an attempt to
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determine the fluorine content o f  each o f  the oxide fluoride phases, was potentiometry, 
using a fluoride-selective electrode, as in chapter 4. Unfortunately, the solubility 
problems mentioned in chapter 4 were also encountered with these oxide fluorides, 
resulting in a lack o f precision, and so another technique was applied.
5.2.2.1 Cu Oxidation State Determination
The problems encountered during F analysis using potentiometry were attributed 
to solubility problems. It was believed that the specific problem was that the (Ca/Sr)F2 
was not dissolving fully, giving inconsistent readings for CaF2/SrF2 standards. If this is 
the case, then the problem should not affect the solubility o f the rest o f  the material. It 
should therefore be possible to use the Cu oxidation state to infer the F stoichiometry. For 
this reason, w e decided to use iodometric titrations in order to determine the Cu oxidation 
state.
Iodometric titrations rely on the fact that almost all oxidising agents, in acidic 
solution, will oxidise I to I2 . The resulting I2 is then titrated with a standard solution o f  
Na2S2Û 3 and from this, the ratio o f  CiC:Cu^^:Cif^ can be calculated. In this case the 
oxidising agent is the Cu"^ in Ca2-xSrxCu0 2 F2.
A  solution o f 0 .0 IM  Na2S2Û 3 was prepared and subsequently standardised using 
CuO solutions. The results o f  this standardisation indicated that the Na2S2 0 3  solution was 
actually 0 .0102M.
For each sample o f Ca2.xSrxCu0 2 F2 analysed, a known amount o f the oxide 
fluoride was placed in a conical flask, into which a stream o f nitrogen was passed. An 
excess of KÏ was then dissolved in 10 cm^ of HCl and the resulting solution immediately 
poured into the conical flask containing the analyte. The solution would instantly turn a 
light brown colour as som e o f  the I was oxidised to I2, by the Cu^ "*". The flow  o f nitrogen 
into the flask prevented any o f  the excess I' from being oxidised. Therefore, the only h  
present in the flask should have been due to the oxidation o f I by Cu^^/Cu^^. Any Cu^ in 
the sample would not lead to oxidation of T. This is shown in equations 1 - 3.
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CiC + r  c u i  ( 1)
Cii^+ + 2 r  Cul + V2 I2  (2 )
Cu^+ + 31 ^  Cul + I2 (3)
The quantity o f I2 in the solution was then determined by titration with the 
standard Na2S2 0 ] solution. This took place via the follow ing reaction (equation 4).
I2 + 2 8 2 0 3 '^ ^  8 4 0 6  ^ +  21 (4)
The end-point o f this titration occurred when all o f the I2 was reduced to I . As 
this reduction took place, the solution turned a lighter brown. Because the colour-change 
at the end-point o f the titration is so gradual, it is difficult to determine by eye. W e 
therefore used an indicator, in the form a few  drops o f starch solution, which turned the 
solution from a light brown to a deep blue. This was added when it was judged that the 
titration was nearing the end-point, and the titration continued until the blue colour 
disappeared.
Using this technique, all samples gave a Cu oxidation state o f  2.0+0.05. The
values deteimined for the copper oxidation states in these materials suggest that each
material in this series has an oxidation state o f 2 +, thus supporting the findings from the 
structural refinements that the com positions are Ca2-xSrxCu0 2 F2 .
5.3 Computer Modelling Studies of Ca2-xSrxCu02F2
In an attempt to explain why all the samples o f the Ca2-xSrxCu0 2 F2 series had the 
T'-structure when previous research had suggested Sr-rich phases should posses the T- 
structure,* computer modelling techniques were employed, using the GULP code.^^ This 
study has mainly focussed on the two end members of the range, Ca2Cu0 2 F2 and 
Sr2Cu0 2 F2, so that a direct comparison could be made to previous results.*’^  In order to 
assess the favourability of each o f the two structure types for this range, the structural 
data previously reported' were used for comparison with structural data collected for the 
samples in this project.
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A s the end-members (x = 0.0, 2 .0) o f the Cas.xSixCuOzFs+g range had previously 
been studied using computer m odelling techniques, potential parameters for these 
systems were readily available.'^’ The potentials used for these calculations along 
with their sources are given in Table 4.
Table 4: Interatomic potentials used to m odel the Ca2-xSrxCu0 2 F2 system
Interaction A (e V ) P (A ) C (eV À") Y"" (eV) k+ (eV  A'Z) Source
Sr^+"0 ^ 959.1 0.3721 0 .0 3.251 71.7 18
2303.6 0.2919 0 .0 3.251 71.7 18
1090.4 0.3437 0 .0 3.135 1 1 0 .2 33
Ca"^»F 1272.8 0.2997 0 .0 3.135 1 1 0 .2 34
4011.1 0.2427 0 .1 2 .0 0 99999 18
Cu^ 'F 2518.8 0.2770 0 .0 2 .0 0 99999 18
22764.3 0.1490 9&9 -2.389 42.0 18
F 198.3 0 .1 1 1 0 73.8 -2.389 42.0 18
F F 507.5 0.4035 0 .0 -Z 38 1 0 1 .2 18
5.3.1 Energetics of Ca2 -xSrxCu0 2 F2 +ô (ô = 0.0,0.2)
Several modelling studies were perfonned to examine the energetic favourability 
o f the two structure types (T versus T'). This entailed calculating the lattice energies o f  
each o f  the materials for both structure types. The Ca2-xSrxCu0 2 F2 range was first 
m odelled using the T-structure. For consistency, the materials were modelled as 
tetragonal with I4/mmm symmetry. The cell parameters were adapted from data 
published by Al-Mamouri et. a C  on the orthorhombic F  excess material Sr2Cu0 2 F2+g 
(SG: Fmmm). The a - parameter used was an average o f the original a and b parameters 
divided by the square root o f 2. N o interstitial fluorine atoms were included. The atom 
positions used in this model are given in Table 5.
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Table 5: T atom positions in Ca2-xSrxCu02F2
A tom X y z Cell occupancy
Sr/C a 0 0 0.368 4
Cu 0 0 0 2
O 0 0.5 0 4
F 0 0 0.1802 4
a = 3 .8 5 6 A ,c =  13.468A
The Ca2-xSi’xCu0 2 F2 range was then modelled using the T' structure. This was 
also modelled as tetragonal with I4/mmm symmetry. The cell parameters and atom 
positions were varied across the range using data obtained from neutron and X-ray 
diffraction studies obtained in this work, and are summarised in Table 6 .
A s previously mentioned, for 0.0 <  x <  1.25, the parent compound (Ca2-xSrxCu0 3 ) 
was fluorinated using PVDF, and neutron powder diffraction data were used for the 
structural refinements. For 1.5 <  x <  2.0, the parent compound was fluorinated using 
PTFE, and XRD data were used for the structural refinements.
Table 6 : T" atom positions in Ca2-xSrxCu0 2 F2
A tom X y z Cell O ccupancy
Ca/Sr 0 0 0 .3 6 3 9 -0 .3 6 6 6 4
Cu 0 0 0 2
O 0 0.5 0 4
F 0 0.5 0.25 4
The un-relaxed lattice energies (U l) o f a selection of the Ca2-xSixCu0 2 F2 range 
for the T and T'-structures are shown in Table 7 and Figure 19.
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Table 7: Un-relaxed lattice energies for Cai xSr^CuOiF? with the T' and T - structures
X r  U l (eV) T U l (eV)
0 .0 -104.11 -104.02
0.5 -102.91 -103.25
1 .0 -101.80 -102.48
1.5 -100.84 -101.72
2 .0 -99.91 -100.95
-100 1
0.5-100
-101
-101 -
-102  -
-102
-103 -
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-104
-104
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Figure 19: Un-relaxed lattice energies for Cai-xSr^CuOzF? with the T  and T - structures
Figure 19 shows that, for x = 0.0 in the Cai xSr^CuOiFi system, the T' structure is 
slightly more energetically favourable than the T-structure. However, for x > 0.0, the T- 
structure becom es more energetically favourable with the magnitude o f this observation 
increasing with x. Despite this, the experimental results show that all materials display 
the T'-structure. This may be related to the fact that the synthesis is performed at low  
temperature and so results in the formation o f metastable materials.
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In addition to the stoichiometric Ca2-xSrxCii0 2 F2 system, it was decided to study 
the favourability o f the T and T'-structure types in the F-excess 
Ca2-xSrxCu0 2 F2+s system. The value o f  F excess, 5 was set to 0.2 as this value was in- 
between the results obtained in this research, and the value previously reported for 
Sr2Cu0 2 p 2+g^  (5=0.6).
The cell parameters and atom positions used for Ca2-xSrxCu0 2 F2,2 were the same 
as those shown above for Ca2_xSixCu0 2 F2. The extra 0.2F (F2) was placed in the 
positions specified in Tables 8  and 9 below. In order to account for the overall increase in 
negative charge introduced by the extra F  ions, the Cu shell charge was changed from 
+2 .0  to +2 .2 .
Table 8 : Atom  positions for T Ca2.xSr%Cu0 2 F2.2
A tom X Y z Cell occupancy
Sr/Ca 0 0 0.37 4
Cu 0 0 0 2
0 0 0.5 0 4
FI 0 0 0.18 4
F2 0.5 0 0.25 0.4
Table 9: Atom  positions for T' Ca2-xSrxCu0 2 F2.2
A tom X y z Cell O ccupancy
Ca/Sr 0 0 0 .3 6 - 0 .3 7 4
Cu 0 0 0 2
O 0 0.5 0 4
FI 0 0.5 0.25 4
F2 0 0 0 ,1 3 -0 .2 1 0.4
The lattice energies calculated for these F  excess materials are shown in Table 10 
and graphically in Figure 20.
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Table 10: Un-relaxed lattice energies for Ca2-xSrxCu02F2.2 with the T and T  structures
X T U l (eV) T U l (eV)
0 . 0 -105.60 -102.28
2 . 0 -102.30 -101.36
A graph o f lattice energy versus Sr content (Figure 20) is shown below comparing 
the lattice energies o f both the Ca2-xSrxCu0 2 F2 and Ca2-xSrxCu0 2 F2.2 ranges.
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Figure 20: Un-relaxed lattice energies for Ca2-xSrxCu0 2 F2 and Ca2-xSrxCu0 2 F2.2 with the 
T' and T -  structures
In the case o f Ca2-xSrxCu0 2 F2.2, the T-structure is more energetically favourable 
for both ends o f the range as shown in Figure 20 (increasingly so as x 0), suggesting 
that the presence o f extra interstitial F in this system will always favour the T-structure. 
This result adds further weight to the importance o f interstitial F in stabilising the T- 
structure.
5.3.2 Fluorination Mechanism of Ca2 -xSrxCu0 3
Overall, the m odelling results for the lattice energies o f the stoichiometric 
Ca2-xSrxCu0 2 F2 system were not fully consistent with the experimental data gathered in 
this project, suggesting that for these stoichiometric systems, the T-structure should form
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for S12CUO2F2, in contrast to the experimentally observed T'-structure. The favourability 
o f the T-structure for F-excess samples is however consistent with experiment, with only 
F-excess samples being observed with the T-structure.
A  possible explanation for the discrepancy between modelling and experimental 
results is that the T-structure is more energetically stable than the T'-structure for most o f  
the range, but due to the synthesis conditions employed here, the metastable T' phase is 
formed. However, this interpretation is not in line with the current proposed mechanism  
on the fluorination o f Ca2-xSrxCu0 3 , which suggests that the formation o f the T-structure 
will result in less structural rearrangement than the formation o f the T'-structure.
W e therefore decided to reinvestigate the fluorination mechanism in this system. 
A s a result o f this investigation, a new mechanism has been proposed for the initial step 
in the fluorination mechanism in this range o f materials (Ca2-xSrxCu0 3 ). M odelling 
calculations were performed to exam ine this new mechanism and to compare it to the 
current proposed mechanism.^^ This states that F inserts between the CUO4 square-planes 
in the equatorial position between the Cu atoms, producing planes o f  CUO4F2 octahedra 
and the T-structure. The apical O atoms would then migrate to the equatorial sites and be 
replaced by F atoms.
The new proposed mechanism involves F inserting into the interstitial fluorite- 
type positions in the (C a/Sr)0 layers. Here, the F atoms would be tetrahedrally 
coordinated to four Ca or Sr atoms and the T' structure would be formed initially, rather 
than the T-structure. These mechanisms are shown in Figure 21.
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Figure 21 : Current and new fluorination mechanisms in Ca2-xSrxCu0 2 F2 
Yellow  spheres: Sr/Ca, Grey spheres: Cu, Red spheres: O, Blue spheres: F
Two sets o f calculations were performed on models based on the structures o f  
Ca2-xSrxCu0 3  reported by Lines et (the axes shown assigned to these materials in 
Figure 21 have been modified for ease o f comparison with their oxide fluoride 
counterparts). The first set o f calculations involved F  being placed in the experimental 
structure to give the stoichiometry Ca2-xSrxCu0 3 F. In order to achieve electroneutrality, 
the Cu shell charge was changed from +2.0 to +3.0 (making Cu^^). Tw o possible F  sites
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were investigated, at (0, 0.5, 0) (between the Cu-O chains) and (0, 0.5, 0.25) (between the 
(Sr/C a)0 layers in fluorite-type positions) (Figure 22), and the lattice energies o f the 
structures were compared. The results are shown in Table 11.
c
k '
Ca/Sr
F (equatorial)
F (fluorite)
Figure 22; Cai-xSr^CuO^ structure showing possible F  sites
Grey spheres: Cu, Red spheres: O, Y ellow  spheres: Ca/Sr, Dark blue spheres: Equatorial 
F at 0, 0.5, 0 (between Cu-O chains). Light blue spheres: F  at 0, 0.5, 0.25 (fluorite-type 
position)
Table 11 : Un-relaxed lattice energies for Ca2-xSrxCuG3F
C om position F at 0 ,0 .5 ,0 F at 0 ,0 .5 ,0 .2 5
CazCuOsF U l (eV) -144.32 -138.66
SriCuO aF U l (eV) -141.65 -132.76
For both Ca2Cu0 3 F and Sr2Cu0 3 F, the structure was calculated to be more 
favourable with F  in the equatorial 0, 0.5, 0  position. This set o f results may be biased, 
however, by the high shell charge o f Cu, making it more favourable for F  to coordinate 
to Cu.
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The second set o f calculations modelled F as an interstitial defect at (0, 0 .5 ,0 )  and
(0, 0.5, 0.25) and the defect energies were compared. The modelling o f F  as an
interstitial defect in this case allowed its introduction into the structure without the 
necessity o f charge-balancing. The individual defect energies are shown in Table 12.
As with recent studies o f Ba2pd0 2 p 2 and Ba2Pd0 3 ,^  ^the favourability o f  the
fluorination process via the two routes was assessed. This was carried out on the
assumption that the follow ing process, proposed by Baikie et a l  (equation 5),^  ^ took 
place upon fluorination (this process is described in Kroger-Vink notation).
(5)
The results for each individual event during the fluorination process are given in 
Table 12. The results for the overall process (equation 6 ) aie given in Table 13.
Where E(0^' I/2O2) = -9.86eV , E (‘/ 2F2 ^  F )  = -2.58eV).
Table 12: Energies o f individual processes
X 0  V acancy  
(eV)
Interstitial F  at 0 ,0 .5 ,0  
(eV)
Interstitial F  at 0 ,0 .5 , 0.25
(eV)
0 20.99 -2.71 -3.13
2 21.26 -2.81 -2 .6 6
Table 13: Energy o f F  insertion process at 0 ,0 .5 , 0 and 0, 0.5, 0.25 in Ca2-xSixCu0 3
X F at 0 ,0 ,5 ,0
(eV)
F at 0 ,0 .5 , 0.25
(eV)
0 0.27 -0.15
2 0.31 0.46
These data (shown graphically in Figure 23) suggest that the current theory for the 
initial step in the fluorination o f Ca2-xSixCu0 3  (i.e. insertion o f F' between the square
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planar CUO4 chains) is more favourable than the new theory for Sr-rich compositions. 
However, for Ca-rich com positions, the newly proposed mechanism (i.e. insertion o f F  
between the (C a/Sr)0 layers) appears to be more energetically favourable.
0 .5
0 .4
K  0.3
 ^ 0.2
0.5
- 0.1
- 0.2
Figure 23: Graph o f  overall F insertion process in Cai-xSr^CuOg
5.4 Discussion
The complete range o f samples Cai xSr^CuOiF] (0 < x <  2) has been successfully 
prepared for the first time from the low temperature fluorination o f Ca2-xSrxCu0 3  with 
PVDF/PTFE. The structural refinements showed that all samples adopted the T'- 
structure; for the Sr rich phase this is contrary to previous reports for the related F-excess 
Cai-xSrxCuOzFi+g phases, in which the T-structure was obtained for high Sr levels.'
Computer modelling studies also suggest that the T-structure should be more 
favourable for high Sr levels on energetic grounds. In a further attempt to explain this, a 
new fluorination mechanism was proposed, in which F  inserts into sites within the 
(C a/Sr)0 layers, rather than between the CUO4 chains. This appears to be more 
energetically favourable for part o f the Cai-xSrxCuOg series, although the current 
mechanism^^ was shown to be more favourable for Sr-rich compositions. It appears that 
the reason for this apparent discrepancy may be that the T'-structure is being formed in
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the Sr-rich Ca2-xSixCu0 2 F2 phases as a metastable phase due to the synthesis conditions 
applied here. However, the apparent energetic favourability o f stoichiometric S12CUO2F2 
with the T-structure raises questions about how the post-synthesis reduction of 
Sr2Cu0 2 F2+ô yields Sr2Cu0 2 F2 with the T'-structure.^'' In this respect, further studies are 
required on these systems.
Attempts to determine the fluorine content o f  these materials using a fluoride- ,
selective electrode were unsuccessful. It is believed that the inconsistent results obtained |
Iwere due to solubility problems and, although attempts were made to overcom e this, very 
little improvement was seen in the accuracy or precision o f the results. It is  believed that 
upon the attempted dissolution o f  the Ca2-xSrxCu0 2 F2 samples, the (Ca/Sr)F did not fully  
dissolve, leaving a suspension o f insoluble (Ca/Sr)F2, which would explain the low and 
inconsistent readings obtained. However, better results were achieved when determining 
the Cu oxidation states. The results o f these analyses, combined with the Rietveld  
refinements we performed, were consistent with the Ca2-xSrxCu0 2 F2 samples being fully  
stoichiometric.
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5.5 La2M0 4 -xFy (M = Cu, Ni)
5.5.1 Introduction
A s for S12C11O3,' superconductivity can also be induced in La2Cu0 4  upon 
fluorination. This has led to a great deal o f  research being performed on the fluorination 
o f La2Cu0 4 ,^  ^'''^  along with the related phase La2N i0 4 / '  in attempts to increase the Tc in 
La2Cu0 4 , and induce superconductivity in LaaNi0 4 .
A s for the Ca2-xSixCu0 2 F2 series, a structural anomaly has also been observed in 
La2Cu0 4  upon fluorination. These fluorination studies o f  La2Cu0 4  have shown that it 
undergoes an average expansion along the a and b axes along with a contraction along the 
c axis,''^ which is opposite to that observed in the fluorination o f  other K2N 1F4 oxides, 
such as S i2T i0 4 ''^  and LaSrMn0 4 .''^  In order to investigate this, both La2Cu0 4  and the 
related material, La2N i0 4  were prepared and fluorinated, using different amounts o f  
PVDF. Unfortunately, problems were encountered during the synthesis o f these oxide 
fluorides, with multi-phase samples often resulting. Therefore further work is required to 
optimise the synthesis conditions for these materials. However, som e preliminary results 
w ill be reported here.
5.5.2 Experimental
5.5.2.1 LaaCnOjxFy
L ^D g and CuO were intimately ground and then heated in a furnace at 1000°C  
for 16 hours. This mixture was reground and reheated at 1000°C for a further 16 hours 
and subsequent X-ray diffraction confirmed the successful synthesis o f La2Cu0 4 . This 
was then fluorinated, using various amounts o f PVDF, in an attempt to produce 
La2Cu0 4 -xFy where y = 0.5, 1 and 2  (i.e. using a ratio of La2Cu0 4  : CH2CF2 monomer 
unit =  1:0.25, 1:0.5 and 1:1, respectively). A t first, it proved very difficult to produce 
single phase samples in this series. After trying a range o f synthesis conditions, it was 
discovered that the oxide fluorides could be produced using a low  initial temperature 
before raising the temperature slow ly up to 360°C, i.e. 300°C initial temperature with 
increments o f 20°C per day and intermittent regiinding. The XRD data for these phases
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are shown in Figure 24. The fluorinated samples w ill be referred to here as “F0.5”, “F I” 
and “F2”, indicating the quantity o f F used in the fluorination.
5.5.2.2 La2Ni04.xFy
La2N iÛ 4 was prepared using the same method as mentioned above for La^CuO^ 
before being fluorinated using PVDF to produce La2N i0 4 _xF2x where 
y =  0.5, 1 and 2 (i.e. using a ratio o f La2N i0 4 :CH2CF2 monomer unit =  1:0.25, 1:0.5 and 
1 :1 , respectively).
5.5.3 Results and Discussion
5.5.3.1 La2Cu04_xFy
The results showed that successful fluorination had occurred, and the XR D  
patterns are shown in Figure 24. A s can be seen from these data, there is a significant 
shift in the 200/020 peaks, indicating a lai*ge expansion along a-b. The data also indicates 
that the fluorinated samples are not single phase, but rather it appears as if  there is a 
mixture o f fluorinated La2Cu0 4  phases in each sample.
900 -
‘F2 ’800 -
700 - 
GOO " 
500 - 
400 ' F0.5'
300 -
020 200200  -
100 -
25 30
Figure 24: XRD patterns for La2Cu0 4 _xFy
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In order to obtain some information on the structural changes on fluorination, cell 
parameters were calculated for the main component o f each pattern and these are shown 
in Table 15.
Table 15: Unit cell parameters calculated for La2Cu0 4 _xFy
y in 
La2Cu04-xFv
a (A) b (A ) c (A ) V olum e (À^)
0 5.362(3) 5.411(3) 13.165(7) 381.966
0.5 5.346(9) 5.55(1) 13.15(2) 390.164
1 5.366(4) 5.561(5) 13.17(1) 392.997
2 5.554(2) 5.558(2) 13.130(8) 405.312
This data is represented graphically in Figures 25 - 27.
5 .6 13.3
13.255 .55
5 .5 13.2
5 .45 13 .15
5 .4
5 .35 13 .05
5 .3
0 .5
Figure 25: Plot o f a, b and c - axes versus y, in La2Cu0 4 _xF,
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Figure 26: Flot o f average o f a and b -  axes versus y, in La2Cu0 4  xF:
410
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0.5
Figure 27: Plot o f cell-volum e versus y, in La2Cu0 4 .xF,
The data shows an expansion in unit cell volum e with increasing fluorine content 
(Figure 27), which is consistent with an increase in anion content, with these extra anions 
occupying interstitial positions. This cell volum e expansion is due to a large expansion in
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a-b. In contrast, c contracts (Figure 25) on fluorination. This is an interesting observation 
and further studies are required to explain this. In particular, there is a need to optimise 
the synthesis conditions, so that single phase samples can be prepared. This will then 
allow detailed structural studies to be performed
S.5.3.2 La2Ni04-xFy
A s for the fluorination o f La2Cu0 4 , the results showed that successful fluorination 
o f La2N i0 4  had occurred, and the X RD patterns are shown in Figure 28. These data 
showed similar changes to those obtained for La2Cu0 4 , although higher purity samples 
were obtained for the nickelate, y =  0.5, 2, phases.
1200
1000 - ‘F 2’
8 0 0  -
00 6 0 0  “
T 0.5
4 0 0  -
200 -
Figure 28: XRD patterns for La2N i0 4 -xFy
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When trying to make the y = 1 phase, however, a poor quality sample was 
obtained, with a mixture o f fluorinated phases observed. The cell parameters for these 
phases were calculated and are shown below in Table 16.
Table 16: Unit cell parameters calculated for La2N i0 4 .xFy
y in
La2Ni04-xFy
a (A) b (A ) c (A ) V olum e(A')
0 5.462(4) 5.455(5) 12.67(1) 375.5050.5 5.59(1) 5.354(9) 12.60(2) 377.104
2 5.77(3) 5.45(1) 12.82(2) 403.144
The cell parameters are shown graphically, below, in Figures 2 9 - 3 1
5.8 1 i 12.95.75 ' 12.855.7 ' 12.85.65 12.75.< 5.6 12.7X) 5.55 - 12.655.5 12.65.45 J ' 12.555.4 b ........." 12.55.35 5.3 ^
..........---------- 1 .....  1.... .. . ...1"" .... .. 12.4512.40.5 1.5
o
Figure 29: Plot o f a, b - axes versus y, in La2N i0 4 .xFy
148
5.62 -j 
5.60 - 
5.58 - 
5.56 -
5.50 -
5.48 - 
5.46 
5.44 -
0.5
Figure 30: Plot o f average o f a and b -  axes versus y, in La2N i0 4 .xK
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Figure 31 : Plot o f  cell-volum e versus y, in La2N i0 4 _xF3
Figures 2 9 - 3 1  show that with increasing F content, an expansion in unit cell 
volum e is observed, as for fluorination o f La2Cu0 4 . In this case, however, the cell 
parameter changes were somewhat different. In this case, fluorination leads to an initial
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contraction in c, follow ed by a subsequent expansion. The b parameter also undergoes an 
initial contraction but, on further fluorination, an expansion occurs. In contrast, the a 
parameter shows a general expansion with increasing F content across the full range 
examined. Detailed structural studies are required to account for these changes.
5.5.4 Conclusions
The results for fluorination of Ba2Ino.5Sbo.5O4 (Chapter 4 ) and La2(Cu/Ni)04 show  
different chaiacteristics with an expansion in c for the former, while for the latter, an 
initial contraction is observed. The differences could be related to differences in the 
lattice mismatch between the rock salt and perovskite layers in the structure. For 
example, in the Ba2Ino.5Sbo.5O4 system, the lattice mismatch may be such that the BaO  
layers are too large making the equatorial (In/Sb) - 0  bonds too long. Therefore 
fluorination of this system  favours expansion along c and contraction along a and b. In 
contrast, in La2(M)04 (M = Cu, N i), the LaO layers are too small and therefore the 
equatorial CuO bonds are compressed (hence La2Cu04 favours hole doping on Cu to 
reduce electron density in these bonds). In order to relieve this lattice mismatch, 
fluorination o f this system  favours expansion along the a-b - axes and contraction along 
the c -  axis. Once the lattice mismatch has been relieved, an expansion along the c axis 
can occur, as observed for the fluorination o f La2Ni04 at high levels.
Further work is required in order to prepare higher quality fluorinated samples. 
This w ill then allow more detailed structural analysis for the La2(N i/C u)0 4 .xFy range, to 
investigate fully the structural changes within these materials as the F-content is varied.
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6.1 Introduction
As previously mentioned in chapter 1, many oxide fluorides require synthesis in 
two stages: high temperature synthesis to produce the relevant oxide precursor, follow ed  
by the low temperature fluorination o f  this oxide. This is due to the low stabilities o f  
many o f these oxide fluorides with respect to the starting materials and possible by­
products. There are, however, several ranges o f  oxide fluorides that do not require such 
low temperature fluorination,''^ and can thus be prepared directly using the solid state 
method. One such material is K3SO4F, which was synthesised and structurally 
characterized by Skakle et al..^ This can be described as a layered material in which KiF  
layers are separated by layers o f SO4 tetrahedra, interspersed with K ions. The structure is 
shown in Figure 1.
Figure 1 : Structure o f K3SO4F
A3M (0/X)5 materials such as these can also be thought o f as conforming to an 
antiperovskite type structure. If view ed in this way, the structure can be described as XA^
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octahedra surrounded by MO4 tetrahedra in an 8:8 coordination. This is shown is Figure 
2 .
(F/0 )(A )6
M 0 4
Figure 2 : Twisted anti-perovskite structure
Both the octahedra and tetrahedra show a significant elongation along the z-axis 
along with twisting o f the octahedra in the x-y plane. This twisting occurs in order to 
accommodate the tetrahedra and so only occurs relative to adjacent planes, i.e. each plane 
o f octahedra along the z axis lies directly above the plane two layers below.
The number o f known oxide fluorides that show ordering between 0 “' and 
is relatively small because o f the similar size o f  O"' and F . In addition, such ordering is 
difficult to identify due to the similarity in scattering power o f O ' and F  for both X-ray 
and neutron diffraction. In Sr3M04F (M = Al, Ga)^' and Sr3-xAxA104F (A = Ca, Ba) 
Vogt et al. used Madelung site potentials and bond valence calculations to show that 
these systems display com plete O/F ordering. The calculations showed to have a site
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preference for the tetrahedral sites (MX4) and P to show a site preference for the A (2 )2X  
sites. A s well as this anion ordering in S i3_xAxA1 0 4 F (A = Ca, Ba), som e cation ordering 
was also observed, similar to that seen in the related oxides S 12EUAIO5 and S i2GdGa0 5 .“'‘ 
The smaller Ca was found to have a site preference for the 8 -coordinate sites (in the 
A (2 )2p  layers), whereas the lai'ger Ba had a site preference for the 10-coordinate sites 
(between the AIO4 tetrahedra).
Following on from the research mentioned above, it was decided to investigate 
the possible synthesis o f som e similar oxide fluoride materials containing transition 
metals (Fe, Co). Attempts were therefore made to prepare the Si'3-xBax(Fe/Co)0 4 F  
compounds. Standard solid-state synthesis methods were employed and it was found that 
although successful synthesis o f  Sr3_xBax(Fe/Co)(0 /F )5 was achieved, small (Sr/Ba)F2 
impurities were observed. This suggested a lower F-content in the system, most probably 
related to the potential for m ixed valency, allowing for phases o f  the form 
Sr3_xBax(Fe/Co)0 4 +yF]_y. Therefore subsequent experiments were perfoiTned with lower 
F-contents. The materials S i3Fe0 4 .iFo.9, Sr2BaFe0 4 .iFo.9, SrBa2Fe0 4 .iFo,9 and 
Sr3CoO4.15F0.85 were then successfully prepared and structurally characterised using 
neutron diffraction. The results indicated a deviation from Vegard’s Law among the 
Fe-containing samples which has been attributed to Sr/Ba ordering in the 1 <  x <  2 
phases.
6.2 Synthesis
SrCOs, BaCOs, Srp2, Bap2 and Fe2 0 3  were thoroughly ground in the correct 
stoichiometric ratios to produce Sr3.xBaxFe0 4 F where x = 0, 1 ,2  and 3. These mixtures 
were initially heated at 900°C  for 16 hours before being reground and reheated at 1000°C  
for a further 16 hours. X-ray diffraction showed the successful synthesis o f these phases 
although they all contained small Sr/BaF2 impurities. In order to obtain phase-pure 
samples, lowering the F-content was investigated. Attempts were therefore made to 
synthesise another similai' range with the slightly different stoichiometries of  
Sr3.xBaxFeO4.1F0 9 . These newly proposed materials were synthesised using the same 
conditions as mentioned above.
157
6.3 Results
X-ray diffraction suggested that this change in stoichiometry had resulted in the 
successful synthesis o f phase-pure samples with x =  0, 1 and 2. The x = 3 phase however 
still contained small impurities. Moreover, this phase was somewhat air-sensitive and on 
prolonged (overnight) exposure to air, evidence for BaCOa impurities were observed. X - 
ray diffraction patterns collected for these phases are shown below in Figure 3.
900
800 -
700 -
600 -
500 -
400 -
300 -
200 -
100  -
Figure 3: XRD data for Sr3.xBaxFe0 4 .iFo.9
The problems encountered in preparing single phase Ba3FeO4.1F0.c1 have therefore 
been attributed to the sample absorbing H2O /  CO2 when left open to the atmosphere. 
This is quite a com m on occurrence in Ba containing oxides, due to the high 
thermodynamic stability o f BaCOs. Therefore, whilst collecting X RD data, the sample 
was analysed with a protective covering o f cling film  to protect it from the atmosphere in 
order to limit its decomposition.
Neutron diffraction data were collected for the x =  0 -  2 phases on the HRPD  
instrument, at the Rutherford Appleton Laboratory, and were subsequently refined using 
the GSAS^^ suite o f programs. Upon close inspection o f the neutron diffraction data, it
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became apparent that the phases previously thought to be phase-pure actually contained 
small impurities.
6.3.1 Structural Characterisation
The models to these structures were all initially refined using the I4/mcm space 
group employed for Sr3(Al/Ga)0 4 F.^  ^ As for this system, it was assumed that F occupied 
the sites within the A?F layers. This gave a good fit for the x = 0 phase, although the fits 
obtained for the 1 <  x < 2 phases were not as statistically favourable. A lso, the cell 
parameters produced with these refinements were found to deviate from Vegard’s Law 
(Figure 4). This is also visually demonstrated when the diffraction patterns for all 3 
phases are lined-up (Figure 5).
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7.05
7
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6.8
0 0.5 1 1.5 2
11.7
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11.6
11.55
11.5
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11.35
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o
> c
Figure 4; Cell parameters initially calculated for Sr3.xBaxFeO4.1F09  (0 <  x <  2), refined 
using I4/mcm symmetry
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Figure 5: Neutron diffraction profiles for Sr3.xBaxFeO4.1F0 9 (0 <  x <  2)
This deviation o f  the range from Vegard’s Law, along with the less-favourable 
statistics obtained from the refinements, suggested that, as observed for Sr3.xAxAlÜ4F (A  
= Ba, Ca),^^ the 1 <  X < 2 phases might display ordering between Sr and Ba. W hen the 
refinements were re-run to allow for this ordering, Ba^ "^  was found to show a site 
preference for the 10-coordinate, A l sites (between the Fe0 4  tetrahedra). Although this 
modification improved the refinements, the fits were still not as good as expected, 
suggesting that the ordering in these materials may have affected the symmetry in these 
materials. In particular, there were problems fitting the peak shape, which suggested a 
small deviation from tetragonal symmetry. Additional space groups were therefore 
investigated, allowing for a slightly lower symmetry in this system and the best fit to the 
data was found with the use o f the space group Ibam, which allowed for a small 
orthorhombic distortion in the structure.
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The refined structural parameters for the three phases are shown in Tables 1, 3 
and 5; along with som e selected bond distances in Tables 2, 4 and 6. The neutron profiles 
are shown in Figures 6, 7 and 8. Refinement o f  the anion site occupancies indicated no 
deviation from the expected stoichiometry and so in the final refinement these were fixed.
6*3.1*1 Si’sFeO^iFo.g
Table 1; Refined structural parameters for Sr3Fe0 4 .iFo.9
Atom Site X y z U,(xlOO)/À“ Site occ.
Sri 4a 0 0 0.25 * 1
Sr2 8h 0.1674(2) 0 .6674(2) 0 0.99(4) 1
Fe 4b 0 0.5 0.25 0.90(5) 1
O 161 0.1469(2) 0.6469(2) 0.6442(1) * 1
O/F 8f 0 0 0.0148(6)
----->5___ ______
1.2(1) 0.5
* Anisotropic thermal parameters
Atom U ii(xlO O )/ U22(X100)/
A"
U33(X100)/ U i2( x l 0 0 )/
A"
Ui3(xlOO)/
A^
U23(xlOO)/
A3
Sri 2.00(9) 2.00(9) 1.6(2) 0 0 0
O 2.03(5) 2.03(5) 1.20(8) -0.69(8) 0.1(5) 0.11(5)
Table 2: Selected bond distances for Si’3Fe0 4 .iFo.9
Bond Bond Distance (A)
F e - O 1.860(1) (x4)
Sr2 - O 2.431(2) (x2), 2.704(1) (x4)
Sr2 - O/F 2.5434(7) (x2)
Sri - 0 2.8726(7) (x8)
Sri - O/F 2.683(7) (x2) (Split site, 16 occ.), 3.022(7) (x2) (Split site, 16 occ.)
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Figure 6: Observed, calculated and difference neutron diffraction profiles for 
Sr3Fe0 4 .iFo.9 with I4/mcm symmetry
6.3.1.2 Sr2BaFe04.iFo.9
Table 3: Refined structural parameters for Sr2BaFeÜ 4.iFo,9
Atom Site X y z U,(xlOO)/À“ Site occ.
Ba 4a 0 0 0.25 0.83(8) 1
Sr 8j 0.1681(5) 0.6690(4) 0 1.02(6) 1
Fe 4b 0 0.5 0.25 0.85(6) 1
O 16k 0.1440(4) 0.6428(4) 0.64296(9) * 1
O/F 4c 0 0 0 * 1
Ibam, a = 6.9343(1) A, b = 6.9466(1) À, c = 11.4571(1)À. = 5.425, Rwp = 0.0970,
Rp = 0.0859
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* Anisotropic thermal parameters
A tom U n (x lO O )/
À '
U22(X100)/
A '
U33(X100)/
A^
Ui2(xlOO)/
A '
U ,3(xlO O )/
A?
U23(X100)/
A?
O 1.8(2) 1.4(2) 1 .21(8) -0 .42(6) 0 .1 (2 ) 0 .2 (2 )
O /F 1.0(3) 1.4(3) 1.9(2) -0 .4(5) 0 0
Table 4: Selected bond distances for Sr2BaFe0 4 .iFo.9
Bond Length (A)
F e - O 1.867(1) (x4)
S r -O 2.468(2) (x2), 2 .720(4) (x2). 2.721(4) (x2)
S r -O /F 2.578(4) (X0 ,2 .5 8 4 (4 )  ( x l )
Ba - O/F 2.86427(3) (x2)
B a -O 2.930(3) (x4), 2.943(3) (x4)
oI
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Figure 7: Observed, calculated and difference neutron diffraction profiles for 
Sr2BaFe0 4 .iFo.9 with Ibam symmetry
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6.3.1.3 SrBa2Fe04.iFo.9
Table 5: Refined structural parameters for SrBa2Fe0 4 .iFo.9
Atom Site X y z Ui(xlOO)/À^ Site occ.
B al 4a 0 0 0.25 * 1
Ba2 8 j 0.1702(7) 0.6703(7) 0 1.03(4) 0.5
Sr 8 j 0.1702(7) 0.6703(7) 0 1.03(4) 0.5
Fe 4b 0 0.5 0.25 1.25(5) 1
O 16k 0.1419(6) 0.6407(5) 0.6464(1) * 1
O/F 4c 0 0 0 * 1
^\vp
Ro = 0.0804
* Anisotropic thermal parameters
Atom Uii(xlO O )/ U 2z(xlOO)/
A '
U33(X100)/
A^
U i2 (x l0 0 )/
A^
U ,3 (x l0 0 )/
A"
U 23(xlOO)/
A^
B al 2.9(5) 0.9(4) 0.8(2) 0 0 0
O 4.1(3) 1.6(2) 1.29(8) -0.80(8) -0.2(2) 0.5(2)
O/F 2.6(5) 0.9(4) 1.6(2) -0.9(6) 0 0
Table 6: Selected bond distances for SrBa2Fe0 4 .iFo.9
Bond Bond Distance (A)
F e - O 1.859(1) (x4)
Ba2/Sr - O 2.543(2) (x2), 2 .794(5) (x2), 2 .799(5) (x2)
B a 2 /S r - 0 /F 2.638(6) (x l ) ,  2.639(6) ( x l )
B al — O/F 2.89522(3) (x2)
B a l - O 2.986(5) (x4), 2 .998(4) (x4)
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Figure 8 : Observed, calculated and difference neutron diffraction profiles for 
SrBa2Fe0 4 .iFo.9 with Ibam symmetry
6.3.1.4 Sr3 .xBaxFeO4 .1F0  9  Structural Analysis
The cell parameters and key bond angles are tabulated in Table 7 along with a 
graphical representation o f the cell parameters in Figure 9.
Table 7: Cell parameters and key bond angles for Sr3.xSrxFeO4.1F0 9
X 0 1 2
(O /F) -  (Sr/B a) -  (O /F) 143.09(4)° 143.91(6)° 144.61(8)°
O -F e -O  (x4) 114.91(5)° 115.57(2)° 114.61(3)°
O -F e -O  (x2) 99.08(8)° 97.86(7)° 99.62(7)°
a 6.81536(3) A 6.9343(1 )A 7.1049(2)A
b 6.81536(3)A 6.9466(1 )A 7.1134(2) A
c 11.40978(9)A 11.4571(1)A 11.5909(1)À
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Figure 9: Cell parameters for Sr3.xBaxFe0 4 ,iFo,9
The irregular change in structural parameters exhibited in Table 7 and Figure 9 
shows a clear deviation from Vegard’s Law. Vegard’s Law assumes no structural 
changes on varying com position, whereas in the present work, there is a change in cell 
symmetry for the Ba-containing samples, as well as ordering o f Ba and Sr within the 
large cation sites. The change accompanying this may then account for the observed 
deviation from Vegard’s Law.
From Table 7, it can be seen that as more Ba is incorporated into the system, the 
(0 /F )-(Sr/B a)-(0 /F ) angle increases in order to accommodate this larger ion. Between  
0 < X < 1, as the Ba replaces Sr only within the A (l)[F e 0 4 ] layers, it might be expected 
that a large increase might be observed along the c-axis. Instead, however, only a small 
increase is shown, along with a large decrease in the thermal displacement for the A l site 
(Tables 1 and 3), giving further evidence that the larger Ba is more ideally suited to the 
larger, 10-coordinate, A l site. Another effect o f Ba replacing Sr on the A l site is the size 
difference introduced between the A l and A2 site. This causes the Fe0 4  tetrahedra 
become more distorted (elongated along the z direction) to allow for this (Table 7). As 
the Ba content is increased, however, (between 1 < x < 2) Ba begins to replace Sr within 
the A(2)2F layers, therefore lowering the size difference between the A l and A2 sites,
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and so this tetrahedral distortion is lessened. In addition, the cell volum e change is 
increased compared to 0  <  x <  1 .
Upon close inspection, it can be seen that there are small impurities present in all 
three phases, which increase in intensity with increasing Ba content.
6.3.2 Determination of Iron Oxidation State
Because o f the difficulty in differentiation between O and F using X-ray or 
neutron diffraction, the exact O/F stoichiometry o f these materials was not known. 
Fluorine analysis o f  these phases, using a fluoride-selective electrode, produced the same 
solubility problems encountered with other materials reported in chapters 4 and 5. 
Therefore, attempts were made to determine the average Fe oxidation state o f these 
materials using redox titrations so that the F content could be inferred from these 
measurements. The method used for this study was titrimetric analysis, which was based 
on the reduction o f all Fe'^ '*' in the sample to Fe^ "^  using an excess o f  FeS0 4 .7 H2 0 , as 
shown in equation 1 .
xFe^^ +  +  4- yFe'^  ^ (1)
The remaining Fe^’*' was then titrated with a standardised solution o f 0.0046M  
KMn0 4  (equation 2 ), with the end-point o f the titration being marked by a change in 
colour o f the solution from colourless to pink.
8/7+ +5Fe"  ^^MnO~ -t-5Fe^ + +AH^O (2)
For each sample o f Sr3.xBaxFe0 4 .iFo,9 analysed, ~ 0 .03g o f the sample was 
dissolved in 5 cm^ concentrated H2SO4 along with ~0.034g FeS0 4 .7 H2 0 . The resulting 
solution was then diluted to 25 cm^ and titrated using the 0.0046 M KMn0 4 . This 
procedure was performed three times for each sample and the results obtained are shown 
in Table 8.
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Table 8 : Fe oxidation states calculated from titrimetric analysis
Sample Average Fe Oxidation State
Sr3Fe04.iFo.9 3.057(8)
Sr2BaFe04.iFo.9 3.1(1)
SrBa2Fe04.iFo.9 3.0703(9)
From Table 8 , it can be seen that the average Fe oxidation states calculated for 
these materials are similar to the expected value o f 3.1. The results produced for 
Sr3Fe0 4 .iFo.9 and SrBa2Fe0 4 .iFo.9 gave precise values but those produced for 
Si2BaFe0 4 ,iFo.9, however, varied significantly between titrations suggesting a lack of  
solubility in this material.
After the synthesis o f S i3Fe0 4 F had proven unsuccessful, with the successful 
synthesis only being achieved upon lowering the F content to give Sr2-xBaxFe0 4 .iFo.9, it 
was also decided to attempt to make Sr3_xBaxFe0 4 +yFi-y with an even lower F content. 
Synthesis o f SisFeOs, without F, was unsuccessful, giving K2N ip4-type Sr2pe0 4 .x and 
SrO with no evidence for the A3MO5 phase, confirming the need for F  in the phases. The 
attempted synthesis o f Sr3Fe0 4 .fFo.5 also gave similar Sr2pe0 4 ,x and SrO impurities, 
although in this case, a small amount o f the intended phase was also formed.
Following the interesting structural deviation observed across the 
Sr3.xBaxFeO4.1F0 9 range, upon the variation o f the A-cation size, an attempt was made to 
synthesise a similai* Ca-containing range (Sr3_xCaxFe04.1F0.9) in order to find what effect 
the incorporation o f this smaller cation would have on the structure. W hen the synthesis 
of the x = 1 phase (Sr2CaFe0 4 .iFo.9) was attempted, using similai* conditions to those 
em ployed in the synthesis o f Sr3.xBaxFeO4.1F0 9 , large impurities were observed, 
suggesting a low  solubility o f  Ca in the structure. Due to time limitations, further work in 
this area was therefore stopped.
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6.4 Sr 3 CoO 4 .1 5 F 0 . 8 5
6.4.1 Synthesis
In addition to examining the variation o f  the A-site cation in the Sr3.xBaxFeO4.1F0,9 
series, an attempt was made to prepare a cobalt analogue Sr3Co0 4 F. SrFa, S1C O 3 and 
C 03O 4 were intimately ground before being heated at 900°C for 12 hours. This mixture 
was then reground and reheated at 1000°C for a further 12 hours. As for the synthesis o f 
Sr3Fe0 4 F, Srp2 impurities were observed and therefore the F-content was lowered. In the 
case o f  the Co-containing system, it was found to be necessary to reduce the fluorine 
content further, to Sr3CoO4.15F0.85, to eliminate the presence o f Srp2 impurities.
6.4.2. Structural Characterisation
Structural analysis o f this Co phase was performed using the POLARIS 
diffractometer at the Rutherford Appleton Laboratory and the data were structurally 
refined using the GSAS^^ suite o f  programs. A s for the Fe-containing analogue, a good fit 
was obtained with space group I4/mcm. The neutron diffraction studies indicated a small 
amount o f SrF2 impurity and therefore the F-content is lower than expected. Further work 
is required (e.g. titrations) to quantify this. Refined structural parameters for this material 
are shown in Table 9, along with selected bond lengths in Table 10 and neutron profiles 
in Figure 10.
Table 9: Refined structural parameters for Sr3CoO4.15F0.s5
Atom Site X y z Ui(xlOO)/À^ Site occ.
Sri 4a 0 0 0.25 * 1
Sr2 8 h 0.16784(6) 0.66785(6) 0 0.67(1) 1
Co 4b 0 0.5 0.25 0.51(3) 1
0 161 0.14502(6) 0.64502(6) 0.64441(5) * 1
O/F 8 f 0 0 0 . 0 1 4 2 ( 2 ) 0.73(3) 0.5
I4/mcm, a =  6.80297(5) A ,c =  11.3637(1 )A. x  =  2.481, Rwp = 0.0109, Rp = 0.0175
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* Anisotropic thermal parameters
N am e U ii(x lO O )/
À '
U22(X100)/
A '
U33(X100)/
A?
U i2(xlOO)/
A '
U n(xlO O )/
À-
U23(x 1 0 0 )/
À -
Sri 2 .17 (4 ) 2 .17 (4 ) 1.87(5) 0 0 0
0 1.79(2) 1.79(2) 0 .9 6 (2 ) -0 .92(2 ) 0 .15 (1 ) 0 .15 (1 )
Table 10: Selected bond distances for Sr3CoO4.15F0.85
Bond Bond Distance (A)
C o - O 1.8403(5) (x4)
S r 2 - 0 2.4360(7) (x2), 2.6920(6) (x4)
Sr2 - O/F 2.5369(2) (x2)
Sri - 0 2.8714(3) (x8)
Sri - O/F 2.680(2) (x2) (Split site, Vi occ.), 3.002(2) (x2) (Split site, V2  occ.)
c  3oO lO
qd
1 1  I
0.5 1.0 2 .5 3.01.5 2.0
d-spacing (A )
Figure 10: Observed, calculated and difference neutron diffraction profiles for 
“Sr3CoO4.15F0.85” with I4/mcm symmetry. 2"^  phase indicated by red markers: SrF] 
(W eight fraction = 0.0086)
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The tetrahedral O -C o-O  bond angles calculated for this material are 115.19(2)° 
(x4) and 98.56(3)° (x2) and the (0 /F )-S r -(0 /F )  angle is 143.60(3)°. As for Sr3Fe0 4 .iFo.9, 
the thermal displacement parameter for the A1 site is high for this phase, suggesting that 
this material would respond favourably to doping on this site with a larger isovalent 
cation such as Ba.
6.5 Discussion
The novel range o f oxide fluorides Sr3.xBaxFe0 4 .iFo.9 have been successfully  
prepared and characterised. It was found that the alkaline earth metals show a site 
preference over the two possible A-sites, with the larger Ba prefening to occupy the A1 
site between the Fe0 4  tetrahedra. Unfortunately, detailed structural studies were not 
performed on the Ba3Fe0 4 .iFo.9 phase due to its instability in air. Further structural 
studies on this phase, limiting the exposure to air, would be o f interest in order to 
elucidate the exact structure o f this phase so it can be compared to the rest o f the 
Sr3.xBaxFe0 4 .iFo.9 range.
Initial doping studies, using Ca in place o f Ba, were not successful, suggesting 
that the minimal average A-cation size in this A 3Fe0 4 .iFo.9 range had been exceeded.
Initial doping studies on the B site were also perfonned in these oxide fluorides. 
Substitution o f  Fe for Co on the B site o f Sr3Fe0 4 +yFi.y proved to be successful, with the 
novel oxide fluoride Si'3Co0 4 +xFi.x (x =  0.85) being produced.
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7.1 Introduction
The perovskite structure takes its name from the mineral perovskite (CaTiOg) and 
can be described in general terms as AM O 3, where A is usually an alkali metal, alkaline 
earth or lanthanide cation and M is com m only a transition metal (Figure 1 ).
M
Q
\ _
O
Figure 1 : Perovskite Structure
Materials with perovskite-related structures play a huge part in solid-state 
chemistry due to the incredibly diverse range o f properties they are capable o f displaying, 
including electronic* and ionic*'^'^ conductivity, magnetism‘s, and superconductivity/
These properties can be brought about via the tailoring o f the oxidation state of 
the transition metal in the octahedral, M -site, which is usually achieved via cation 
substitutions. An alternative route to achieve the same goal is via the modification o f the 
anion sublattice, for example, by exchanging oxygen for a halogen such as fluorine. In 
this respect, much interest has been shown in the synthesis and properties o f the KiNiFj- 
type oxide fluoride Sr2Fe0 3 p.^ **^ Despite this, no work had been reported on the 
equivalent perovskite phase, SrFeOiF. Attempts were therefore made to synthesise this 
oxide fluoride, and to investigate the structural changes that occurred upon A-site 
substitution with Ba.
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In the work presented here, the perovskite-type phases Si'i-xBaxFeOa.g (0.0 <  x <
1 .0 ) were prepared and subsequently fluorinated, using a polymer-based fluorinating 
agent, with the intention o f  producing the new oxide fluorides Si'i-xBaxFeOaF (0 .0  <  x <
1.0). Mossbauer spectroscopy and X A N ES (X-Ray Absorption Near Edge Structure) 
analysis showed that this fluorination resulted in a reduction in the iron oxidation state, 
from Fe'^ +ZFe^ -" in Si'i-xBaxFeOg-s, to Fe^+ in SiVxBaxFeOsF.
The structures o f  these oxide fluorides were examined via the Rietveld refinement 
o f neutron diffraction data. These data revealed magnetic ordering to be present within 
these phases at room temperature. The refinement o f the magnetic structures was 
performed by Adrian Wright, at the University o f Birmingham.
7.2 Experimental
S1CO3, BaC0 3  and Fe2 0 3  were intimately mixed in the correct stoichiometric 
ratio to prepare Sr|.xBaxFe0 3 .g where x =  0.0, 0.5 and 1.0. These mixtures were heated at 
1250°C (x =  0.0) and 1100°C (x =  0.5, 1.0) for 24 hours, after which. X-ray diffraction 
confinned the successful synthesis. Fluorination was then attempted, using PVDF. The 
Sri.xBaxFe0 3 .5  samples were ground with PVDF, in the ratio 1:0.75 (Sr/Ba)Fe0 3 .g:PVDF. 
This constituted a 50% excess. The mixtures were then heated at 400°C  for 24 hours 
under flow ing nitrogen. Subsequently, the samples were heated at the same temperature 
in air to ensure any excess polym er had been fully removed. X-ray diffraction showed the 
successful synthesis o f the fluorinated phases along with a general shift in peaks to lower 
angles, indicating an expanded unit cell (Figure 2).
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SrFe0 3 -5  after fluorination
a
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2 6  n
Figure 2: X-ray diffraction patterns o f  SrPeOs-g before, and after, fluorination
7.3 Structural Refinement
Neutron diffraction data were collected for the three oxide fluorides using the 
POLARIS diffractometer at the Rutherford Appleton Laboratory and subsequently 
refined using the G SA S‘‘ suite o f programs. During this data collection, it was noticed 
that there were extra peaks present in the diffraction patterns that could be indexed to a 
doubled unit cell. Since these extra peaks were not observed during X-ray diffraction, it 
was believed that they were due to magnetic ordering within the structure, which was 
confirmed by M ossbauer studies that showed that all three samples exhibited magnetic 
ordering at room temperature. In order to investigate this magnetic ordering, the samples 
were re-analysed at higher temperatures, in order to determine at what temperature the 
magnetic ordering is lost. The samples were analysed over a range o f  temperatures (25 -  
500°C) and it was found that the magnetic peaks disappeared at temperatures above 
400°C  for SrFeOzF, and above 450°C  for Sro.sBao.gFeOaF and BaFeOzF. To illustrate 
this, the neutron diffraction profiles for SrFeOaF, with varying temperature, are shown in 
Figure 3.
177
t§
1 .E+07
1 .E+07 -
8.E+06 -
6.E+06
4.E+06 -
2.E+06 -
O.E+00
Magnetic Supercell Peaks
R oom  Temperature
...—
400 u
0.5 1.0 1.5  ^ 2 .0
d-spacing (Â)
2.5
Figure 3; Neutron diffraction patterns for SrPeOaF at room temperature, 200°C, 400°C  
and 450°C
7.3.1 High Temperature Refinements
In order to detennine the structural features o f these oxide fluorides, the high 
temperature structures were initially deduced. In this way, the structure o f  the simple 
perovskite materials could be examined, without the presence o f the extra peaks, due to 
magnetic ordering.
A ll three oxide fluoride phases (Sri.xBaxFeOaF) were refined using the cubic 
Pm-3m space group. This gave a good fit for both the x = 0.5 and x =  1.0 phases.
178
although problems were encountered during the refinement o f the x = 0.0 phase. In this 
case, there are clear intensity problems, which can be seen in Figure 4 at d~2.0Â  and 
d~2.8Â. D espite numerous additional refinements being performed, including the use of  
several alternative space-groups, no improvement was achieved for this phase. Therefore, 
the original space group Pm-3m was used for the refinement reported here, although 
further work is required to try to improve the fit for this SrFeOiF sample. In this respect, 
it is planned to remake the sample, and then re-examine the structure.
The refined structural parameters for these phases using the data collected at high 
temperatures are shown below in Tables 1, 3 and 5, with selected bond distances being 
given in Tables 2 ,4  and 6 . The neutron profiles are shown in Figures 4-6. In all cases, the 
neutron profiles showed a small amount o f (Sr/Ba)F2 impurities
7.3.1.1 SrFeOzFat 450°C
Table 1 ; Refined structural data for SrFeOiF at 450°C
Atom Site X y z Ui (xlOO)/À" Site occ.
Sr la 0 0 0 2.36(2) 1
Fe l b 0.5 0.5 0.5 2.92(2) 1
O/F 3c 0.5 0.5 0 * I
Pm-3m, a =  3.98386(2) A, x  = 5.256, Rwp =  0.0177, Rp =  0.0336  
Anisotropic thermal parameters
Atom Uii(xlO O )/
A '
U 22(xl00)/ U33(X100)/
A '
U t2( x l 0 0 )/
A '
U n(xlO O )/
A^
U 2s ( x l0 0 )/
A '
O/F 4.95(3) 4.95(3) 1.39(3) 0 0 0
Table 2: Selected bond distances for SrFeOiF at 450°C
Bond Bond distance (A)
Fe - O/F 1.99193(1) (x 6 )
Sr - O/F 2.81702(1) (x l2 )
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Figure 4; Observed, calculated and difference neutron diffraction profiles for SrFeOiF  
with Pm-3m symmetry at 450°C. Second phase: SrFi (Weight fraction = 0.019)
7.3.1.2 Sro gBao sFeOzF at 500°C
Table 3: Refined structural data for Src .sBao^FeOoF at 500°C
Atom Site X y z Ui (xlOO)/À“ Site occ.
Sr la 0 0 0 2.19(3) 0.5
Ba la 0 0 0 2.19(3) 0.5
Fe lb 0.5 0.5 0.5 3.64(3) 1
O/F 3c 0.5 0.5 0 3.32(2) 1
Pm-3m, a = 4.02638(2) A, X  = 2.235, Rwp = 0.0120, Rp = 0.0204  
Table 4: Selected bond distances for Sro ^Bao ^ FeO^F at 500°C
Bond Bond distance (A)
F e -O /F 2.01319(1) (x 6 )
Sr/Ba - O/F 2.84708(2) (x l2 )
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Figure 5; Observed, calculated and difference neutron diffraction profiles for 
Sro.5Bao.5Fe0 2 F with Pm-3m symmetry at 500°C. Second phase: Sro^Bao^F? (Weight 
fraction = 0.(X)3)
7.3.1.3 BaFeOzF at 500°C
Table 5: Refined structural data for BaFeOiF at 500°C
Atom Site X y z U, (xlOO)/À- Site occ.
Ba la 0 0 0 1.71(3) 1
Fe lb 0.5 0.5 0.5 4.73(3) 1
O/F 3c 0.5 0.5 0 2.48(2) 1
Fm-3m, a = 4.09139(2) À, x = 1.696, Rwp = 0.0114, Rp = 0.0203
Table 6 : Selected bond distances for BaFeOiF
Bond Bond distance (A)
F e -O /F 2.04569(1) (x 6 )
Ba - O/F 2.89305(2) (X12)
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Figure 6 ; Observed, calculated and difference neutron diffraction profiles for BaFeOiF  
with Pm-3m symmetry
7.3.2 Room Temperature Refinements and Magnetic Ordering
The neutron diffraction data collected at room temperature, which contained the 
magnetic supercell peaks, were refined by Adrian Wright, at the University o f  
Birmingham. The refinements were made using the GSAS'* suite o f programs, with the 
magnetic reflections being refined as a second phase. The magnetic reflections indicated 
a doubled cubic unit cell, which was refined using the PI space group, with only Fe 
atoms contributing to the diffracted intensity. Since the magnetic phase corresponded to a 
doubled unit cell, the phase fraction in the refinement was constrained to 0.125 (an eighth 
o f that o f Sri.xBaxFeOiF).
The refined structural parameters for these phases are shown below in Tables 7, 9 
and 11 with selected bond distances being given in Tables 8 , 9 and 10. The neutron 
profiles are shown in Figures 7-9.
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7.3.2.1 SrFeOiF at Room Temperature
Table 7: Refined structural data for SrFeOiF at room temperature
Atom Site X y z Ui (x100)/À" Site occ.
Sr lb 0.5 0.5 0.5 0.839(14) 1
Fe la 0 0 0 1.957(16) 1
O/F 3c 0 0 0.5 * 1
Pm-3m, a = 3.95486(2) A, = 12.71, Rwp = 0.0467, Rp = 0.0575 
Fe magnetic moment = 4.144|J.b 
* Anisotropic thermal parameters
Atom U n(xlO O )/
A '
Ü22(xlOO)/
A?
Ü 33(X1 0 0 )/
A"
U i 2(xlOO)/
A '
U i3(xlOO)/
A '
Ü23(xlOO)/
À '
O/F 3.81(3) 3.81(3) 0.41(3) 0 0 0
Table 8 : Selected bond distances for SrFeO^F at room temperature
0
X
o
1
U  9O
Bond Bond distance (A)
F e -O /F 1.97743(1) (x 6 )
S r -O /F 2.79651(1) (X12)
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Figure 7: Observed, calculated and difference neutron diffraction profiles for SrFeO^F 
with Pm-3m symmetry at room temperature (upper tick marks: magnetic supercell peaks)
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7.3.Z.2 Sro gBao sFeOzF at Room Temperature
Table 9: Refined structural data for Sro .sBao .sFeOiF at room temperature
Atom Site X y z Ui (x100)/À" Site occ.
Sr lb 0.5 0.5 0.5 0.79(2) 0.5
Ba lb 0.5 0.5 0.5 0.79(2) 0.5
Fe la 0 0 0 2.56(2) 1
O/F 3c 0 0 0.5 1.76(1) 1
Pm-3m, a = 3.99239(8) A, t  = 7.130, R^p = 0.0423, Rp = 0.0568  
Fe magnetic moment = 4.099|Ib
Table 10: Selected bond distances for Sro gBao ^FeOiF at room temperature
Bond Bond distance (A)
F e -O /F 1.99619(4) (x 6 )
Sr/Ba - O/F 2.82305(6) (x l2 )
o
o
o  o  U  (V
oo
oow
3 .05 2 .0
d -s p a c in g  (Â )
2 .50 .5
Figure 8 : Observed, calculated and difference neutron diffraction profiles for 
Sro ^ Bao sFeO^F with Fm-3m symmetry at room temperature (upper tick marks: magnetic 
supercell peaks)
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7.3.2.3 BaFe02F at Room Temperature
Table 1 1 : Refined structural data for BaFeO^F at room temperature
Atom Site X y z Ui ( x l 0 0 )/À“ Site occ.
Ba lb 0.5 0.5 0.5 0.59(2) 1
Fe la 0 0 0 3.59(2) 1
O/F 3c 0 0 0.5 1.052(8) 1
Fe magnetic moment = 4.1 33|Ib
Table 12: Selected bond distances for BaFe0 2 F at room temperature
Bond Bond distance (À)
F e -O /F 2.02942(1) (x 6 )
Ba - O/F 2.87004(2) (x l2 )
od00
qd(D
c3OU o§
o
0 .5 )  2.0 
d -sp a c in g  (A )
2 .5 3 .0
Figure 9: Observed, calculated and difference neutron diffraction profiles for BaFeOiF  
with Pm-3m symmetry at room temperature (upper tick marks: magnetic supercell peaks)
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The refinements showed that Sro.5Bao.5Fe0 2 F and SrFe0 2 F were cubic, with space 
group Pm-3m, although there is a clear problem with the refinements for the SrFe0 2 F  
phase, shown by the intensity mismatch at d ~ 2 .0 Â, and further work is required to 
resolve this issue.
An increase in cell parameters is observed going from SrFe0 2 F to BaFe0 2 F, as 
expected. However, the change is not quite linear (Figure 10), which may be related to 
the problems encountered with the refinement o f the SrFe0 2 F phase, for which the 
structure has not been coiTectly fitted. This is illustrated by the intensity mismatches in 
the neutron profiles (Figures 4 and 7). The elucidation o f the structure o f this phase 
requires further investigation.
4.09 -
4.07 - HighT4.05 -
4.03 -
4.01 - Room T
3.99 -
3.97 -
3.95
0.5
Figure 10: Variation o f  the unit cell parameters with x in Sri_xBaxFe0 2 F
This non-linear change in unit cell parameters is also reflected in the bond 
lengths, as shown in Figure 11.
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Figure 11: Variation in bond lengths with x in Sri.xBaxFeOiF
The O/F thermal parameters obtained for the x = 0.0 phase from both refinement 
at 450°C  and room temperature showed high anisotropic displacements along the x,y  
directions, which may suggest a tilting in the octahedra, which could be one reason for 
the intensity problems encountered in this phase. Attempts to refine this phase with 
oxygen displaced off-site along x-y, however, gave no improvement in fit.
Another interesting point to note is the increase in the thermal displacement 
parameter o f Fe, with increasing x. It is likely that this is due to the increasing size o f the 
A-site cation, as Ba replaces Sr. This would result in an increase in the size o f the M -site 
cavity, such that Fe may be too small to fit properly in the centre o f this site. This would 
then lead to an off-centre displacement o f Fe, similar to that observed for Ti in the 
ferroelectric material BaTiO).
The magnetic structure was found to be antiferromagnetic, giving rise to a 
doubled unit cell, relative to the simple perovskite phase. An example o f this magnetic 
supercell is shown in Figure 12, in which the nuclear spins o f the Fe atoms are shown to 
align antiparallel to those o f their nearest neighbours.
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Figure 12: Antiferromagnetic cell observed for Sri ^Ba^FeOiF. All atoms shown are Fe 
and the arrows indicate the direction o f nuclear spin.
7.3.3 Mossbauer Spectroscopy and XANES Analysis
In an attempt to gain an understanding o f the magnetic properties displayed by 
this range, the SrFeO^F phase was analysed by ^^Fe Mossbauer spectroscopy (Figure 13), 
at 300K and 77K, and compared to the equivalent oxide precursor phase, SrFeOg g. This 
was performed at the Open University'^ using a constant acceleration spectrometer with a 
~25mCi Co/Rh source.
The spectra recorded for SrFeOg g at 300K  and 77K indicated a mixture o f Fe^ "^  
and Fe''^ as expected. The spectra recorded for the fluorinated phase, however, indicated 
the presence o f only Fe^ "^  at both 300K and 77K, consistent with the com position o f the 
fluorinated phase being SrFeOiF.
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Figure 13: M ossbauer spectra for SrFeO^ g and SrFeOoF at 77K and BOOK. The chemical 
isomer shift data are quoted relative to metallic iron, at room temperature.
In addition to M ossbauer spectroscopy, X A N ES (X-Ray Absorption Near Edge 
Structure) analysis was used'^ to confirm the Sr and Fe oxidation states in SrFe0 2 F. This 
was carried out by Xiaolin Ren and Frank Berry, at the Synchrotron Radiation Source at 
Daresbury Laboratory, using station 7.1. The Sr and Fe K-edge data were collected at 
298K, in transmission geometry, using an average current o f  200m A  at 2 GeV.
The position o f the X-ray absorption for the Sr K-edge (16110.4eV ) did not 
change upon fluorination, indicating a Sr"  ^ species for both oxide and oxide fluoride 
phases. The position o f  the X-ray absorption for the Fe K-edge, however, moved from
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7121.0eV  to 7119.7eV , which is similai' to that observed in LaFeOg (7120.7eV ) 
suggesting the exclusive presence o f  Fe^ '*'.
Mossbauer data has also been recently collected for Sro.5Bao.5Fe0 2 F and 
BaPeOzF, and the results show that, as for SrFeOaF, these two phases contain only Fe^\ 
consistent with the expected composition.
These data suggest that the method o f fluorination em ployed here results in the 
reduction o f  the average Fe oxidation state in Sri-xBaxFeOa-s (Fe'^ '^ /Fe^ '*' mixture), giving 
only Fe^ "^  and a stoichiometry o f Sri^xBaxFeO^F.
7.4 Discussion
In this work, the successful fluorination o f the Si'i.xBaxFeOs-ô phases has been 
shown, resulting in the formation o f three novel perovskite oxide fluorides, SrFeOiF, 
Sio sBao sFeOgF and BaFe0 2 F. The ability o f  PVDF to fluorinate the perovskite phases 
Si'i-xBaxFeOs-s successfully, further demonstrates its versatility, and effectiveness, as a 
fluorinating agent.
The two phases, Sro^Bao.gFeOiF and BaFe0 2 F could be refined using a cubic, 
Pm-Sm, space group. For SrFeOiF, however, further work is required to elucidate an 
accurate structure as intensity mismatches were observed for the cubic, Pm-3m, space 
group.
The unit cell volum e o f Sri_xBaxFe0 2 F was shown to be non-linear with vaiying  
X, indicating a deviation from Vegard’s law. Since the refinements o f  both the x =  0.5 and 
X = 1.0 phases gave good fits to the data, it is reasonable to presume that this is caused by 
the SrFe0 2 F sample, where it is clear that the fit to the data could be improved.
O f particular interest in these materials is the discovery of magnetic ordering at 
room temperature. Refinement o f  the neutron diffraction data indicated that this ordering 
is antifeiTomagnetic in nature, giving rise to a doubled unit cell.
M ossbauer spectroscopy, along with XA N ES analysis confinned that the only Fe 
species present in Sri-xBaxFe0 2 F is Fe^ "^ .
Further work is planned to re-examine the structural data for the SrFeÜ2F phase, 
with the possibility o f investigating different methods o f synthesis.
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Additionally, plans are underway to prepare and analyze a series o f similar |
phases, with different F-contents, i.e. (Sr/Ba)Fe0 2 +xFi_x. Work is also planned to I
investigate La-doping on the A-site, along with Co-doping on the M -site. The synthesis !
o f several o f these phases has so far proved successful, and the structure and magnetic i
characteristics are cunently being examined.
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8 . Conclusions and Further Work
8.1 Summary
A  variety o f oxides and oxide fluorides with K2N ip 4-related structures have been 
successfully prepared and examined using a variety o f techniques, in order to elucidate 
their chemical, structural and physical properties. During this study, several novel 
materials have been produced, many o f  which displayed a variety of interesting 
properties.
The materials presented here were all prepared via the standard solid state 
technique. Due to the low  thermal stability o f  many o f the oxide fluorides, the synthesis 
route required a two stage process; production o f an oxide precursor, follow ed by low  
temperature fluorination. The synthesis o f som e o f these oxide fluorides proved to be 
very challenging so it was necessary to em ploy a wide range o f synthesis conditions. In 
this respect, the new fluorinating agent, PTFE, was discovered to work effectively as a 
non-oxidising source o f F for many m ixed metal oxides.
Techniques used to examine these materials have included X-ray diffraction, 
neutron diffraction, computer simulation, Mossbauer spectroscopy and titrimetric 
analysis.
During the course o f  the work presented here, many interesting results have been 
obtained, som e o f which were expected, w hile others raised som e interesting questions 
for future studies. Several elements o f this research have been presented at conferences, 
and som e o f those elements, which were presented in the form o f posters, are shown in 
the Appendix. In addition, som e o f the research presented in this thesis has been 
published, and a list o f  these publications is also given in the Appendix.
For each set o f materials presented in this thesis, the conclusions are detailed
below.
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8.2 La2.xSrxCo04+5
Research has been carried out on a range o f potential cathode materials for solid  
oxide fuel cells, with studies focusing on the structural properties o f these materials, 
particulai'ly in relation to interstitial oxygen content.
Ten samples in the La2-xSi'xCo04+ 5  (0.0 <  x <  1.0) range were successfully 
prepared, with the maximum interstitial oxygen content being ensured by annealing in 
flow ing oxygen. Neutron diffraction was used to examine how the structural properties o f  
these phases changed with vaiying Sr content, with particular emphasis being given to the 
relationship between the structure and interstitial oxygen content.
It was found that the La2-xSrxCo04+5  (0.0 <  x <  1.0) series displayed a crossover in 
symmetry, from tetragonal (x >  0.2) to orthorhombic (x <  0.1). Good fits to the 
diffraction data were achieved using the space group I4/mmm for the tetragonal phases 
and Abma for the orthorhombic phases. Results from these refinements showed that 
interstitial oxygen content was non-linear, with no interstitial oxygen ions ( 8  = 0 ) found 
for those phases with x > 0.5. For those phases with x <  0.5, the interstitial oxygen  
content (8 ) was found to increase with decreasing Sr-content, up to a maximum of 
8  =  0.29 for the X = 0 phase. This non-linear variation o f 8  with x was attributed to the 
range o f oxidation states exhibited by Co over this series. In the range 0.6 < x <  1.0, as La 
replaces Sr, the Co oxidation state changes from 3+, for x = 1.0, to ~  2.6+, for x =  0.5. 
Between 0 <  x <  0.5, however, the Co oxidation state remains essentially constant, and so 
in order to balance the increase in positive chai'ge o f the system, caused by La replacing 
Sr, interstitial oxygen is introduced into the system. The presence o f  this interstitial 
oxygen produces local distortion in the structure, as indicated by the increasing thermal 
displacement parameter o f the apical oxygen with increasing 8 .
In teiTns o f cathode applications, there is a need for high interstitial oxygen  
content in order to obtain high oxygen ion conductivity. The interstitial contents in 
La2-xSrxCo04+8  are maximised for low Sr level (0.0 <  x <  0.4). However, these phases 
require synthesis under an inert atmosphere, which makes them unlikely to be able to 
function suitably under the oxidising conditions to which SOFC cathode materials are 
exposed. Although the phases o f with high Sr content (x >  0.6) show good electronic
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conduction, they contain no interstitial oxygen and so it is unlikely that they w ill 
demonstrate significant oxide ion conduction, which is required in cathode materials. 
However, because the intermediate, x =  0.5, phase in this range does not require synthesis 
under inert conditions, and contains a small amount o f interstitial oxygen, it may be a 
suitable candidate for use as a cathode material in a solid oxide fuel cell.
Further work could exam ine routes towards increasing the oxygen content. One 
way this may be achieved is via the substitution o f La for a tetravalent cation, such as Ce. 
Alternatively, the partial substitution o f Co by other transition metals, e.g. Fe or Cr, may 
be beneficial.
8.3 A2M0.sM0.5O4 (A = Ba, Sr; M = In, M = Sb, Bi)
The successful synthesis o f three novel K2Nip4-type materials; Ba2Ino.5Sbo.5O4, 
Sr2Ino.5Sbo.5O4 and Ba2Ino.5Bio.5O4 has been achieved and detailed structural studies have 
been peiformed on these phases via the Rietveld refinement of neutron diffraction data. It 
was found that Sr2Ino.5Sbo.5O4 showed complete ordering of In and Sb, resulting in an 
orthorhombic (Pmcb) unit cell. Ba2Ino.5Sbo.5O4, however, conformed to a tetragonal unit 
cell and showed no such ordering, suggesting that the A:M cation size ratio has a 
significant structural influence in these materials. Ba2Ino.5Bio.5O4 also possessed a 
tetragonal structure, with no sign of ordering. Attempts to prepare Sr2Ino.5Bio.5O4 were 
unsuccessful, which is consistent with the low tolerance factor (0.88) calculated for a 
phase with this stoichiometry.
A  further interesting observation from the study of these phases was that those 
systems containing the larger Ba on the A-site (Ba2Ino.5Sbo.5O4 and Ba2Ino.5Bio.5O4) 
readily absorbed water. In contrast, this feature was not observed in Sr2Ino.5Sbo.5O4, 
suggesting that the cation size ratio also has a pronounced effect on the incorporation of 
interstitial water in these materials. Experiments were peifonned to detennine the extent 
of hydration in these phases with maximum water contents of Ba2Ino.5Sbo.5O4-1.91H2O 
and Ba2lno.5Bio.504-2.48H20 observed.
The dependence of interstitial site filling on the cation size ratio, in systems such 
as these, was demonstrated by the successful fluorination of Ba2Ino.5Sbo.5O4 and the 
failure to fluorinate Si2Ino.5Sbo.5O4.
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In this respect, the novel oxide fluoride-hydrate, Ba2 lno.5 Sbo.5 0 3 .7 9 Fo.5 *0 .3 1 H2 0 , 
has been successfully synthesised by the low temperature fluorination o f Ba2Ino.5 Sbo.5 O4 , 
using NH4F. Rietveld refinement of neutron diffraction data collected for this phase 
showed an ordered structure (P4/nmm), with the occupancy of the interstitial positions 
alternating between full and empty along the c-axis.
In addition, a novel oxide fluoride, Ba2lno.5Sbo.5 0 2 F4, has been successfully  
prepared and fluorinated using PVDF. Refinement o f the neutron diffraction data 
collected for this phase confirmed that all the anion sites were fully occupied, consistent 
with a stoichiometry o f  Ba2lno.5Sbo.5 0 2 F4 .
Further work is required to investigate the possible fluorination o f  Ba2Ino.5Bio.5O4, 
as well as the synthesis o f  related An+i(Mo.5M'o.5)n0 3 n+i phases with n > 1. In this respect, 
the successful synthesis o f the n = 2  phase Ba3lnSb0 7 -x has recently been shown.
8.4 Cai-xSrxCuOiFi
A  range o f oxygen-deficient K2NiF4-related alkaline earth cuprates, Ca2-xSrxCu0 3  
(0.0 < X <  2.0), has been successfully prepared and subsequently fluorinated using 
polymer-based fluorinating agents. PVDF was found to be effective as a fluorinating 
agent for the range 0 .0  x <  1.25, but not for phases with higher Sr contents. In a further 
attempt to prepare these latter phases, it was decided to try using the related fluorine- 
containing polymer, PTFE, as a fluorinating agent. It was hoped that the lack o f H in this 
polymer, and the consequent absence o f  released H2O, would prove more successful. 
This proved to be the case, with the use o f PTFE making it possible to fluorinate the
1.5 <  X < 2.0 range, allowing the com plete synthesis o f the range o f  oxide fluorides, 
Ca2-xSrxCu0 2 F2 (0.0 ^ x <  2.0), although high (Ca/Sr)F2 levels were observed for high 
values o f x. Structural determination o f these materials revealed that the whole range 
conformed to the T'-structure, with no interstitial F present. This was previously thought 
to only be the case for those phases with high Ca content, with those o f higher Sr content 
conforming to the T-structure. The production o f this Ca2-xSrxCu0 2 F2 (0 .0  <  x <  2.0) 
range, with no interstitial F is believed to be due to the non-oxidising properties o f PVDF  
and PTFE, allowing Cu to maintain its 2+ oxidation state. The Cu oxidation state was 
supported by iodometric analysis o f  these materials.
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In an attempt to rationalise the observation o f the T'-structure for the whole range, 
the relative structural stabilities o f the T- and T'-structures for Ca2-xSrxCu0 2 F2 were 
investigated using computer modelling techniques. Lattice energies calculated in this 
way, however, contradicted the structural results obtained here. It was therefore decided 
to approach the problem in a different way and so efforts were made to understand the 
energetics behind the fluorination process. A  new fluorination process was proposed, 
with the incorporation o f  F into interstitial sites within the rock salt layers, rather than 
into the vacant anion sites in the perovskite layers. The new route was supported by 
preliminary modelling calculations for Ca-rich compositions. However, for Sr-rich 
compositions, these calculations predict that this is not the case, instead suggesting  
insertion o f F into the vacant anion sites in the perovskite layers.
The incomplete agreement between these m odelling calculations, and the 
structural results obtained for Sr-rich members o f the Ca2-xSi*xCu0 2 F2 range may be 
related to the low  temperature synthesis employed here leading to metastable phases. 
However, further work is required to investigate this.
As mentioned above, the Ca2-xSixCu0 2 F2 materials synthesised in this project 
were shown to conform to the T' structure for the whole range, with no interstitial anions 
within the structure. The lack of interstitial anions in these phases suggests a Cu 
oxidation state o f 2 +, which was confirmed by iodometric titrations. Since 
superconductivity in these materials appears to depend on a deviation o f Cu oxidation 
state from 2+, it is reasonable to presume that that the phases reported in this project will 
not be superconducting, although further test are required to confirm this.
8.4.1 La2(Cu/Ni)04.xFy
La2Cu0 4  and La2N i0 4  were prepared and fluorinated to varying extents using 
PVDF, in an attempt to prepare the ranges o f oxide fluorides La2Cu0 4 _xFy and 
La2N i0 4 _xFy. A  number o f these fluorinated phases have been prepared and their cell 
parameters determined. Unfortunately, single-phase samples proved difficult to prepare 
and so detailed structural analysis was not performed on these samples.
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Further work is required in order to optimise the fluorination conditions in these 
materials, so that a more complete range o f samples can be produced, and detailed 
structural analyses peiformed.
8.5 Sr3.xBaxM0 4 +yFi_y (M = Co, Fe)
The novel oxide fluorides Sr3Fe0 4 .iFo.9, Sr2BaFe0 4 .iFo.9, SrBa2Fe0 4 .iFo.9 and 
Sr3CoO4.15F0.85 have been synthesised and structurally characterised. Ba3Fe0 4 ,iFo.9 was 
also prepared although, due to its air sensitivity, detailed structural analysis was not 
performed on this phase. Synthesis o f the Ca-doped analogues was unsuccessful, 
indicating a limit on alkaline earth size for the synthesis o f these phases.
In contrast to the other oxide fluorides reported in this thesis, direct high 
temperature synthesis o f  these phases was possible.
Initial attempts to produce the fully stoichiometric phases Sr3-xBaxMÜ4F resulted 
in small (Sr/Ba)F2 impurities being observed. However, a slight reduction in the quantity 
of F  resulted in the synthesis o f  good quality samples (com positions shown above). These 
materials were structurally characterised via the Rietveld refinement o f neutron 
diffraction data, which revealed some interesting cation ordering results.
Initial refinement o f all o f these materials was achieved using the tetragonal 
I4/m cm  space group. This led to a good fit to the data for the samples Sr3Fe0 4 .iFo.9 and 
Sr3CoO4.15F0.85- In Sr2BaFe0 4 .iFo.9 and SrBa2Fe0 4 .iFo.9, cation ordering was observed, 
with Sr found to show a site preference for the 8 -coordinate site w hile Ba showed a site 
preference for the 10-coordinate site. In addition, it was found that, as well as displaying 
cation ordering, both Sr2BaFe0 4 .iFo.9 and SrBa2Fe0 4 .iFo.9 exhibited small orthorhombic 
distortions, and refinement with the space group Ibam gave good fits to the data.
The synthesis o f these materials has been shown here to be dependent on the 
oxidation state o f  the transition metal occupying the M-site. In relation to this, it would 
be interesting to vary the conditions under which these materials are synthesised. For 
example, it would be interesting to see whether single-phase S i3_xBaxFe0 4 F phases could 
be successfully produced by synthesis under an inert atmosphere to prevent partial 
oxidation o f Fe^ "^  to Fe"^ .^
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In addition, further work could be peiformed on the possible synthesis of other 
phases, related to Sr3CoO4.15F0.85, with varying alkaline earth content, A3Co04+yFi-y 
(A  = Ba, Sr, Ca).
There are many ways in which this work could progress further. For instance, 
along with the other examples mentioned above, by changing the O/F ratio in these 
systems, it is theoretically possible to exchange A  and M for a wide range o f aliovalent 
cations, e.g. A 3.xLaxM0 4 +xFi-x (A  =  alkaline earth, M = Fe, Co) and A 3M]_xM'x0 4 +xFi_x 
(M ' =  Ti, Sn,Zr).
8 . 6  S r i x B a x F e O i F
Three novel perovskite-type oxide fluorides SrFeOzF, Sro.5Bao.5Fe0 2 F and 
BaFeO iF have been successfully prepared from the low  temperature fluorination o f their 
oxide precursors (Sri-xBaxFeOs-s), further demonstrating the effectiveness o f PVDF as a 
fluorinating agent. In contrast to previous fluorination studies, a reduction in Fe oxidation 
state was observed in the fluorination o f these oxides. This result shows that PVDF can 
be em ployed as a valuable tool for the control o f the transition metal oxidation state.
The oxide fluorides were structurally characterised from neutron diffraction data, 
and Rietveld refinement showed all three phases possessed a cubic structure with Pm-3m  
symmetry. However, the refinements showed a small deviation from Vegard’s law, with 
the unit cell volume not varying linearly with alkaline earth content. It is believed that 
this is due to the SrFe0 2 p  phase, for which the structural fit is not optimal. A  number of 
attempts were made to obtain a good structural fit for this sample, all resulting in an 
unsatisfactory outcome. It is possible that the sample may consist o f two closely related 
phases, and this requires further investigation, with the synthesis and chaiacterisation o f a 
second sample.
All three o f the oxide fluoride phases reported here displayed magnetic ordering 
at room temperature, giving rise to a doubled magnetic supercell. This ordering is 
believed to be antiferromagnetic and, upon heating, was shown to disappear at 
temperatures above 400°C. The magnetic ordering observed here arises from the presence 
o f  only Fe^ "^  in the samples, which was confirmed by Mossbauer spectroscopy and 
XANES analysis.
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Since these results have shown that it is possible to reduce the Fe oxidation state 
in Sri-xBaxFeOs-s samples, by fluorination with PVDF under N 2, work is currently 
underway to produce a range o f oxide fluorides with different fluorine-contents, with the 
intention o f controlling the Fe oxidation state through the amount o f P V D F used, so as to 
produce the range o f samples Sr,_xBaxFe0 2 +yFy (0.0 <  y <  1.0). In addition, work is being  
peiformed on the synthesis o f  Sr1.xLaxFe1.yCoyO3.zFz samples. Several phases in this 
system have already been successfully produced and structural refinement is currently in 
progress.
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9. Appendix
9.1 Publications
1 . Synthesis and Characterisation of the New K2 MF4  Phases, A2Ino.5Sbo.5O4 
(A=Sr, Ba)
R. Heap, M .S. Islam, P R. Slater, D alton Trans.^ 2005, 3 ,4 6 0 .
2. Structural Characterisation of the Potential SOFC Cathode Materials, 
La2 -xSrxCo0 4 + 8  (0<x<l)
R. Heap, H. Riidge-Pickard, P R. Slater, M .S. Islam, Procedings o f  The 9'^ ’ 
International Symposium on Solid Oxide Fuel Cells (SOFC-IX), 2005, 2, 1726.
3. Fluorination of Perovskite-Related SrFeOa.s
F.J. Beiry, X.L. Ren, R. Heap, P. Slater, M.F. Thomas, Solid-state Commun., 
2 0 0 5 ,1 3 4 , 621.
4. Synthesis and Magnetic Structure of (Ba/SiOFeOiF
R. Heap, X .L  Ren, A .I. Wright, M.F. Thomas, P. Slater, F.J. Berry, M anuscript in 
preparation.
5. A Neutron Diffraction Study of the Oxide Fluorides, Sr3 .xBaxFe0 4 .iFo.9  
R. Heap, M .S. Islam, P. Slater, M anuscript in preparation.
9.2 Posters Presented at Conferences
The follow ing four pages show som e o f  the posters that have been presented at 
conferences in relation to the work presented in this thesis.
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Synthesis and Characterisation of Novel Oxide Fluoride Phases
Richard Heap 
Supervisors: Dr P. R. Slater and Dr M. S. Islam 
Materials Chemistry Group, University of Surrey1. Ca2.xSr,CuOjF2
Research into the synthesis and characterisation o f inorganic oxides is 
widespread with many o f these materials showing imetcsting stmcmral 
characteristics and propcities. In contrast, research into the synthesis and 
characterisation of inorganic materials containing anions other than has not 
been nearly as extendve, although this area is growing in interest Attempts 
are being made to incorporate various anions into inorganic oxides including 
nitrides, sulphides and halides. So far, relatively little wotfc has been carried 
out on incorporation o f  ^  into such materials. One reason for this is that many 
oxido-fluoridcs are not stable at high temperatures malriog their synthesis very 
challenging. In some cases, this problem can be overcome by fhst making a 
precuisor oxide and then fluorinating this at low temperatures (2CX)°C -  
400°C) to produce the oxide fluoride. There are seveial low temperature 
fluotinating agents known including MF; (where M «  transition metal 
fluoride), NI y  and poly (vinylidene fluoride). This low temperature 
incorporation o f F can give rise to both interesting structural features and 
properties.
Upon fluorination o f CsgCuO,, 
the a and b axes expand and the 
c axis contracts.
The woik presented here 
involves the synthesis and 
characterisation of new oxide 
fluoride phases. We arc also 
trying to understand previous 
work which has been carried 
out on KjNiF, - type systems.
C «2-xSrsC u03
Upon fluorination 
of SrjCuOj, the a 
and b axes contract 
and thccaxis  
expands
Flnarc 1: C«t«Sr,CoO , 
Y d o w  sp k e ra ; CWSr** 
RedssbcntstCif 
Greta sphères; <)*■
Flgart Î: X-r»y dUTractisn psUcrn tor C«t,^,CoO,F
Because the fluorinated phases o f these materials are not stable at high 
temperatures, they were fluorinated at relatively low temperatures (200°C 
-  400°C) using poly (vinylidene-fluoride) (PVDIO
C i^ u O jF , ditplajrt It*  NdjCuO, aiucture.
0 ^
S f j C i i O j F j  d i s p l a y s  t h e  t a j C u O g  s t r u c t u r e
Ca2-xSrxCu02F2
C a 0 . 7 5 S r l . 2 5 C u 0 2 1 - 2
C a S r C u 0 2 F 2
C a l . 2 5 S K ) 7 5 C u 0 2 F 2
C a l . 5 S r 0 . 5 r u G 2 F '2
C a l . 7 5 S r 0 . 2 5 (  u 0 2 R
C a 2 C u 0 2 F 2
J
Ftpurt 3: NdjCaO, slroctare Ftpiirc 4: OjCaOjF,
YcBowtphnw Nd» 
R e d ip b a w C a * ' 
tir««  spheres;
YeBow spheres; W  
Red spheres; Csf*
Greta spheres; O*- 
Uphl Uae spheres: r  
Vtotet spheres; iattrstUal r
2 mere (d e y e s )
Mgare 7: X-rey diflVacthia ptueras for C»nSr,CaO,Fj
Figure 5; STjCuO^F]
Yehow spheres: Sr**
Red spheres; Ca**
Grcea spheres; O*
Ught Mac spheres; r  
Violet spheres: iatorstMal F-
Figure fc LujCuO  ^sTrtcra 
Yettoa spheres; I.»**
Red spheres; Ca**
Greet spheres: O*
Superconductivity bas been investigaled in mixed 
Sr/Ca copper oxydluorides in great detail, in these 
cases, the samples being produced had the general 
formula Caj^Sr,CmiOjF2*j(i. e. contained excess F). 
In the work presented here, the samples are prepared 
In a novel, non-oxidative manner in an attempt to 
produce stoichiometric C!a2.,Sr,CuOjFj. This was 
done using the newly discovered fluorinating agent 
poly (vinylidene-fluoride) (PVDF).
12.6
12.4
12.2
0.5
Figure 8: Graph shoviag the coatracUon of the c - axis upon 
nuortaaltom from Cm*,âr,CuO) to Csj.,Sr,Chd),Fi.
The range of inorganic oxides Ca^ .Sr.tZuO, (0 s: x S 2) was 
made and then fluorinated (in an attempt to produce (Za,. 
,Sr,CuO,Fj ( 0 SX s :2)). So far, phases w ith O S x ^  1.25 
have been produced. From figure 8, it can be seen that as x goes 
from 0 towards 1, the contraction along the c axis decreases upon 
fluorination. The stnretures of these phases are currently 
being analysed by powder diffraction data.
2. |Fqj,
Figure 9: Srj.,BM,FcO,.,F»,
I Jirgo red sphores: Sr>*/IU**
SmmU blue tphcres: F*
Violet lecrahedru: FeO, lelrahedra
A range of materials with the general formula 
S r ; ^ a J W ^  ,Fg; (X = 0 , 1,2 ,3 )  was made at high 
temperatures (9()0°C -  KXX)“C) without the need for low 
temperature fluorination.
Sr3-xBaxFeO4.1F0.9
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Figure 11 shows the expansion of the unit cell upon doping 
the large Ba^* cation onto the S r^  site in the SrjFbO, ,Fo, 
system. This can also be seen in figure 10, where the peaks 
shift to the left as the Ba^+ content increases.
Sr3-xBaxFeO4.1F0.9
650
600
550
500
Figure 11: Graph Aowiag (he volume of (ht unit ceU
verm  barium ceuleit
Figure 19: X*r«y dirrraclioB paUcru of Sr^a^'eO^.,
I would like to acknowledge the BHSRC for the funding o f my research.
The structures o f these phases are currently being analysed by 
powder diffraction data.
Experimental and Modelling Studies of the Oxide-Fluoride 
Superconductors Ca2.xSr^ Cu02F2 
Richard Heap*, Peter Slater, M. Saiful Islam
Materials Chemistry Group, Chemistry Division, SBMS, University of Surrey, UK
1. Synthesis and Structural Studies
The n a (c  h«s bee# stadied and ihe x «  2 phase was found to
display sopcrconducUng propertit* (T, «  46 K)‘. TTds end of the solid solution (x m 2) 
sms previously found to ilbplay the T-stm dnre (La;CuO, structare) (figure 1). 
However, the other end ( i  m t )  was found to adopt the T'-stnicture (Nd,CuO, 
structure)' (figure 2). This suggests that at same Ca/Sr ratio, a crossover horn one 
structure to the other should occur. To investigate this, we have prepared a range of 
samples Ca^,Sr,CoO,F, (0 < x <  2). The samples were prepared 1^ fluorination of 
Ca^Sr.CuO, iBing polymer4aised fluorinating agents at low temperatures. The 
structural characteristics were invesdgaied using X-ray and neutron powder 
diffraction. The structures were also modelled using atomistic simulation techniques.
 ^^ Intenütifll f
Figure 1 : S r ,C u O fw  strudure
T - structure 
(La^CuOg)
T ’ • structure 
(NdyCuOg)
Figure 2: CSjCuOjF,,, structure
1.1 Synthesis
Ca2.*Sr,Cu0 3 P V D F /P T F E
Crossover in structure type?
1.2 Neutron and X-ray Diffraction Studies
Caz-xSrxCuOjFj
Results luggrrl that this 
fluorination route, bdng non- 
oxldatlve gives the stokhkanetrlc 
I product Ca^.Sr.CnO;F, with no 
I  extra interstitial fluorine (S>0).
Contrary to previous results', the 
T’-stracturc was observed for the 
complete range.
oA
k .
Figure 6 : Unit ceU c -  parameter of C a^^r.C uO f,
Figure 3: Ca^^r.CuOj 
structure
Figure 4: Ca^,Sr.CnOiF, 
structure
Figure S: XRD patterns for Ca^,Sr,CnO,F, 
•  (Sr(Ca)F, impurity
against X
Square data point: c parameter recorded for 
Sr,CwO,Fi^ with the LsjCoO^ structure'
As can be seen from the pbt of c - para mm rr 
versus Sr content (flgure 6), the system o b ^  
Vegard’s Law as expected If no structural change 
Is occuring. Ft>r oomparison, the c - paramder 
data for Sr:CwO,F^' (T-structure) Is shown. This 
suggests that the preaeaes of intentldal F Is 
essential for the formation o f the T-structare la 
this range.
2.1 Structure
2. Modelling Studies
2.2 Fluorination Mechanism
In an attempt to explain why all the samples o f the C a^ r.C u O ,F , series bad the 
T’-skacture, computer modelling techniques ware employed. This study Ihcossed 
on the two end members of the range Cs,CuO]F, and Sr;CaO,Fy Several modeUlug 
calculations were performed to examine the energetic favourabdity of the two 
structure types, the first of which entailed cakalating the lattice energies of ench of 
the materials b r  the T and T* structure types.
Table 1: Lattice energies (uo-relaxed) of Ca^Sr.CuO,F; with
The primary mechanism for the low temperature floorinatlou of Ua^^r.CoO, is beUexed to be 
the substitution of two Fh for one 0 .  We have therefore considered the energetics of ihc possWe 
sites (hr the Incorporation of interstitial F in these systems.
KormuU
IjiU ke Kncrjjj f<»r 
T -stn jciu re (eV)
lattice  flncrgy f«>r 
T-slniclure
CajCuOjKj -lOJ.Il -KM.02
SrjCuOjFj -99.9! -100.95
These calculations indicated that for x > 8  ^ the T-stmcture was more energetically 
favourable in contrast to the observed T’-structuie. One possible ratlonaUsation for 
this is that the kineticaOy favoured product Is being formetL This result has 
prompted an investigation into the flnorintrtloa mechanism in (Za^^,CuO,.
Literature proposed 
mechanism*:
F iiritially inserts in the 
equatorial positions between 
Ihe C0O4 square pitures
New proposed 
mechanism:
F initiaBy inserts in the 
fluoritMype positions 
in the (CaiSr)0 li
Table 2: Interstitial F energies (eV) far C a^ r .C aO j
Formula Fluoriteposition
Cu-O U jer 
pfFsition
( a / lu O j -3.13 -2 71
SfjCuOj -2.66 -2.81
The table of interstitial F energies (table 2), s 
that in Ca,CuOp the im te favourable site Is In the 
fluorite-type positions. In line with the new 
proposed mechanism. In contrast, the more 
favourable site for Sr,CuO] is In the Co-O layer In 
line with the literature mechaaisa. Current woch is 
investigating the fltU floorhmtioa process.
Conclusions
•The complete range of samples Ca^,Sr,CoO,F, (0 < x < 2 ) has been prepared successfltUy from the low 
temperature fluorination of Ca^Sr.CuOj with PVDF/PTFE.
•The results showed that aU samples adopted the T  structure, which is contrary to previoos reports for the 
F excess phase Sr,C uO ;F^ for which the T structure was obtained.
•Computer modelilog data also suggested that the T structure should be more favourable for high Sr levels. 
One possible explanation for this apparent discrepancy could be that the hlnetkproAsct is being formed.
•Modelling studies suggest that in the fluorination of Ca,CuO„ F inserts into the interstitial fluorite 
position rather than between the Cu-O chains.
Figure 7: Possible positions 
for Ihc initial step of the 
fluorination mechanism in Ca^ r.CnOj
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Mixed Metal K2N1F4 Materials -  Does Size Matter?
Richard Heap. Peter Slater, M. Saiful Islam
Materials Chemistry Group, Chemistry Division, SBMS, University o f Surrey, Guildford, Surrey, GU2 7XH, UK
In contrast to the wide range of perovskite-type materials reported with two cations of different charge on the octahedral M site, there 
have been few reports of such compounds with the K^NiFg structure. In order to rectify this, the novel compounds A l^no gSbq gO^  (A= 
Sr. Ba) have been prepared and structurally characterised. The results show that the alkaline earth cation size can have a key effect on 
the ordering of In and Sb on the octahedral (M) site.
B a 2l iio ^ S b o , 5 0 4
Bajhio sSbojOg has a tetragonal cell 
(space group I4/mmm, a=4.1651(l), 
c= 13.299(1) A) with an essentially 
disordered arrangement of In and Sb.
Random Arrangement of 
and Sb in the octahedral sites
Table I ; Refined stiucniral data for BajlnojSbojO^
Rfttfe 1; SmeUinl mud«l fnrniilng^ jS^ jO^  
(Oetahedia: (WSb)CV Sptoo; Ba)
Figure 2: Stnictuni itndd for
■iRiwiag the onforing of h and Sb 0igM
OeialMdra: SbO^. Daxt Odahcttim: tnQg,
» * 1», . ■
0 0 0.3531(3) *
0 » 0
0346)
o 03 0 • . , . J 3  f
0 0 0.1563(1) ♦
I4/tnmm. *=b= 4 .1651(1), c= 13 .299(I) A. R w p = 8.17». 
R p = 7 J 6 % ,x ’= 1.825 
‘ Aaisottopic thenanl pararoeters
L111,,Him
— LS.
□ -■(uciajCA)
U„(ItM)lk‘ Uu(»iMy Uutoiooy Uu(«tuy u^txiooy f
r1.100) I.U(S) OJfl) 0 D..'.
141) 23(1) IJXI), 11.05(6) 105(0- =
Attempts to prepare a similar compound 
containing Ca, i.e. CazInggSbgjO ,^ were 
unsuccessful, showing that there is a 
minimal alkaline earth size for the 
stabilisation of these phases.
1_ -----
D « i i^sdng (A) ~
Figure 4: Observed, calculated and difference neutron diffraction pmfUcs 
fo r SrjtoojSbojO , /  -
Conclusions
Sr^lD g^SbQ gO ^
In Sr^ InQgSbqgO ,^ ordering o f In and 
Sb is observeid leading to an expanded 
unit cell (Pmcb, a=5.7592(l), 
b=5.7740(l),c=12.543(l)Â).
Ordered arrangement of 
n/Sb in the octahedral sites
-^Expanded unit cell
(V2a X V2b X c)
Table 2; Refined structural data for SrjInojSbojO,
Alom • * u iu y V
4* 0 owm=0) 0.3516(1) •
0.41344) 03531(1) •
0 0 QJ»(S>
0.3 05 033(6)
03360(4) 034420): 00130(1) •
J&OMOP) 03139am 0.103(3) •
0.4607(9) aS3»7(6) 0.15*4(3) ♦
Pmcb, a= 5.7593(1), b= 5 . 7 7 4 0 ( 1 ^  12 .543<i)A 7  
Rwp=1.91% , R p= 3J3% .x*= 3371
•  Anisotropic thermal parameters
u ..(uo»y t& tm iuy i)„w«oy Uu(«i»»y IJu(«l**y u „(.i» » y
307(9) 0510) - l i a s “ 0 005(0
0.03(7) 1.410) 000(0 0 -0.147)
0.59(5) 153(0 351(0 $43(4) 0.09(7) -0900)
0.43) 0 41) 0.70(7) -*33(0 0.1(1) • W )
15(3) 17(1) 0.01(0 ■05(1) -070») •0460)
This structural study shows that varying 
the size of the alkaline earth cation has a 
pronounced effect on the ordering of In 
and Sb within the structure.
"Baling jSbgjO^ shows no long range ordering o f In and Sb in the octahedral sites. In addition, from bond distance calculations, the In/Sb-Oj octahedra are 
regular. In the case o f Srjhig jSbgjOg, however, long range ordering o f In and Sb does occur, leading to alternating In and Sb within the layers.
•This ordering in Sr^Ing^Sbg^O^ results in an expanded V2 a x ^2 b x c cell, and a  small orthorhombic distortion. In this structure there is also some 
significant tilting of the octahedra (figure 2). This can be explained from calculations o f the tolerance factors for both Bajlng sSbgjO* and Srjlng jSbg 5O4  
(0.97 a n d 0.91 respectively) . ' '
•In addition to such tilting, the octahedra in Sr^Ing , S b g a r e  noii-regular with significant differences between apical and equatorial bond lengths (Sb-O; 4 x 
1.965A, 2 X 2.114 A; In -0 :4 x 2.126 A, 2 x 2.008 A).
•Not only does the alkaline earth cation size have a key influence on the cation ordering in these systems, but it also affects their ability to incorporate 
interstitial ions. Attempts have been made to fluorinate both of these materials with dramatic results being shown in Bajln^ jSbg 5O4  (maximum a, b decrease 
of 1.89%, c increase of 26.91%). Attempts at fluorinating Sr^Ing ^ Sbo gO^, however, have so far proved unsuccessful.
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